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Resum
Un UAV o un Vehicle Aeri No Tripulat e´s una plataforma multipropo`sit que e´s capac¸ de dur
a terme tasques que van me´s enllar de qualsevol cosa que s’hagi pogut fer mai gra`cies a
les caracterı´stiques que fan que aquests vehicles resaltin en certs aspectes.
 
El desenvolupament te`cnic d’aquests vehicles e´s tant extraordinari com les seves pos-
sibles aplicacions que tenen. Aquest projecte es centra en una d’aquestes aplicacions
encara no desenvolupades, control de plaga, centrant-se en el control de mosquits. Per
dur a terme aquesta tasca s’ha dissenyat i construit un sistema UAV complet.
 
El document comenc¸a amb una classificacio´ dels mu´ltiples tipus de Vehicles Aeris No Tri-
pulats que existeixen avui en dia. Aquesta classificacio´ es basa en el tamany, autonomia,
abast d’accio´, capacitat de ca`rrega i missio´.
 
El sistema creat e´s capac¸ de volar autonomament missions de fins a 10 km mentre trans-
met video i telemetria en temps real a trave´s d’internet, recollint informacio´ de sensors
situats a terra i portant una ca`rrega una dosi antimosquits de Bacillus Thuringiensis Isra-
elensis (BTI).
 
Per aconseguir l’objectiu del projecte, s’ha dut a terme un ana`lisi teo`ric detallat per esco-
llir adequadament tot el material i subsistemes necessaris comenc¸ant per l’estructura de
l’aeronau per continuar amb ca`lculs de sustentacio´ i resiste`ncia aerodina`mica. Aquests
ca`lculs han perme`s escollir adequadament el motor necessari juntament amb l’he`lix, el
variador (ESC) i la bateria per complir amb les especificacions te`cniques inicials.
 
L’estructura escollida e´s el Skywalker 1900 FPV comandat per un APM 2.6 de 3DRobotics
mentre una Raspberry Pi s’encarrega de les funcions avanc¸ades com la transmissio´ de
video i telemetria, node entre autopilot i estacio´ terrestre, la recol·leccio´ de dades de sen-
sors terrestres mitjanc¸ant un sistema Arduino amb un mo`dul XBee a 2.4 GHz i el control
del sistema de desca`rrega de l’agent antimosquits BTI.
 
Tots els tests que s’han dut a terme durant el desenvolupament del projecte s’han inclo`s
en aquest document per demostrar que els requeriments s’han complert. Finalment, es
presenten les principals conclusions extretes del projecte per acabar amb possibles mo-
dificacions que es podrien fer en un futur per millorar les caracteristiques i l’operacio´ del
sistema dissenyat.
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Overview
An UAV or Unmanned Aerial Vehicle is a multi-purpose platform that is capable of achiev-
ing tasks that lie beyond anything that has ever been achieved thanks to the performance,
capabilities and inner characteristics that make these vehicles excel in certain aspects.
The technical development of this vehicles is just as remarkable as their possible appli-
cations. This project is allocated within one of these yet undeveloped applications, which
is the plague control, focusing on the mosquito nests control. To serve to the intended
purpose, a complete unmanned aerial system is designed and built.
 
The document starts with an initial classification of the multiple types of Unmanned Aerial
Vehicles that exist up to date, basing the classification on the vehicle size, autonomy, range
of action, payload capacity and mission.
 
The created system is capable of flying completely autonomously missions up to 10 km
while transmitting a video and telemetry stream through the internet, gathering informa-
tion from ground sensors and carrying a mosquito-lethal dose of Bacillus Thuringiensis
Israelensis or abbreviated BTI.
 
To achieve the intended task, a detailed theoretical analysis is developed in order to choose
the appropriate material and subsystems starting with the airframe selection to continue
with a deep physical calculation regarding the lift and drag of the model wings as so the
fuselage, horizontal and vertical stabilizers drag to be able to select the adequate propeller
to then select the proper motor, electronic speed controller and battery to fulfill the initial
technical specifications.
 
As for the onboard hardware, the set is composed by an open-source low-cost autopilot
which navigates and controls the plane, and an onboard low-weight computer used to
perform the extra tasks with no relation with the aircraft control.
 
The chosen airframe is a Skywalker 1900 mm commanded by an APM 2.6 from
3DRobotics while a Raspberry Pi takes the control over the advanced functions such as
the long-range data transmission, the video-stream transmission, the connectivity with the
ground sensors via an Arduino-based 2.4 GHz XBee system and the control of the BTI
mosquito agent deployment system.
 
The several test flights carried on during the project are developed in order to demonstrate
that the initial objectives are accomplished. Finally, the main conclusions obtained from the
project are introduced to end with the several possible modifications that could be included
in light of improving the characteristics and the operation of the designed system.
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CHAPTER 1. STATE OF THE ART
Nowadays, the world is constantly talking about UAVs, in fact, try to Google “UAV” and 14
million results will be obtained. Therefore, it can be assured that the field of interest of this
project is clearly very present in the current world. Hence, trying to define what an UAV is
shouldn’t be hard, indeed there is a welter of choices to define an UAV, so it can be stated
that an UAV is an aerial vehicle capable of performing sustained flight operations without
the need for a human operator to be onboard.
Even though the original purpose of these vehicles was only focused on military activities,
nowadays, the UAVs are also used to perform scientific, medical, civil and commercial
tasks such as:
• Cloud and aerosol measurements
• Tropospheric pollution and air quality
• Topographic mapping and aerial photography
• Road traffic surveillance
• Homeland security
• Forest fire detection and control
• Animal tracking and plague control
• Poacher surveillance
There are much more applications, and the number increases as time goes by, because in
the future, they will be close to unlimited. But, although the applications may be unlimited,
some of them have not been experienced yet, and within one of these, yet unexploited
applications is this project located.
As people that live or work in the area near Barcelona may have noticed (see figure 1.1),
there is a large number of mosquitos, caused by the proximity of the Llobregat river. This
project is going to locate the region of action of the plane in the area called Baix Llobre-
gat. This area has an extension of about 490 000 km2 and it is home of nearly a million
inhabitants. [1]
Due to the human health hazard that a large number of mosquitos imply (being known
to carry diseases), since 1983 there is a service that carries out the task of controlling
and reducing its number which is called Servei de Control de Mosquits (SCM), it has a
budget of around 500 000 e per year [3], including the investment from the Generalitat de
Catalunya and the investment coming from the town halls of the area.
Hitherto, the task of collecting information and acting against the mosquitos has been per-
formed using human means, i.e. performed by people walking carrying a pack of mosquito
repellent or by people driving a van or quad loaded with the same substance, this actua-
tion can be observed in figure 1.2. This method is expensive, requires a lot of time, a lot of
people and has limited effectiveness.
Considering the several factors, it can be seen very rapidly that the effectiveness of some
of these tasks could be improved by using an aerial platform, this is the aim of this project:
To add technology to the current techniques used to fight against this humming enemy,
to reduce the costs implied in this operation, to increase the area covered by the current
techniques and finally, to reduce the number of mosquitos in this and in other potential
areas such as the Delta de l’Ebre.
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Figure 1.1: Baix Llobregat Map [2]
(a) Van counter-mosquito product Deployment (b) Bag counter-mosquito product Deployment
Figure 1.2: Current actuations against the mosquito performed by [1]
Even though this project focuses on mosquito control, the same system can be used in
any application that requires data collection from a network of ground sensors and needs
to actuate on the region based on this collected data with very little modifications.
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1.1. UAV Classification
1.1.1. Unmanned Aerial Vehicle (UAV) Vs Unmanned Aerial System
(UAS)
An Unmanned Aerial Vehicle (sometimes abbreviated to UAV) is defined as an aircraft
that does not carry a human operator, which is operated remotely using varying levels of
automated functions, normally recoverable, and can carry a lethal or non-lethal payload.
An Unmanned Aircraft System (UAS) is defined as a system, whose components include
the UAV and all the equipment, network and necessary personnel to control it.
1.1.2. UAV Classification
There are several ways to classify the Unmanned Aerial Vehicles, but for this project
the definition created by the European Association of Unmanned Vehicles Systems (EU-
ROUVS) is adopted. This sorting is based on parameters such as: Flight altitude, en-
durance, speed, Maximum TakeOff Weight (MTOW), size, and so forth.
In the table 1.1, this classification can be found alongside some examples of typical sys-
tems of each type of UAV.
Type of vehicle Category MTOW (kg) Max. Altitude (m) Endurance (hours) Data link Range (km) Example Systems
Micro/min UAVs
Micro (MAV) 0.10 250 1 <10 MicroStar, QuattroCopter, Mosquito, Hornet
Mini <30 150-300 <2 <10 Mikado, DragonEye, Raven
Tactical UAVs
Close Range 150 3000 2-4 10-30 Phantom, Camcopter, Observer I
Short Range 200 3 000 3-6 30-70 Luna, SilverFox, Eyeview
Medium Range 150-500 3 000-5 000 6-10 70-200 Hunter B, Aerostar, Sniper
Long Range - 5000 6-13 200-500 Hunter, Vigilante 502
Endurance 500-1 500 5 000-8 000 12-24 >500 Aerosonde, Searcher II
Medium Altitude, Long Endurance 1 000-1 500 5 000-8 000 24-48 >500 Skyforce, Predator, E-Hunter
Strategic UAVs High Altitude, Long Endurance 2 500-12 500 15 000-20 000 24-48 >2 000 Global Hawk, Raptor, Condor
Special Tasks UAVs
Lethal 250 3 000-4 000 3-4 300 MALI, Harpy, Lark
Decoys 250 50-5 000 <4 0-500 Flyrt, MALD, Chukar
Stratospheric To Be Determined 20 000-30 000 >48 >2 500 Pegasus
Exo-stratospheric To Be Determined >30 000 To Be Determined To Be Determined MarsFlyer, MAC-1
Table 1.1: Summarized UAV Classification table [4]
Table 1.1 identifies four UAVs main categories: micro/mini UAVs (Mini Aerial Vehicle or
MAV and Mini), Tactical UAVs (TUAVs), Strategic UAVs, and the Special Tasks UAVs.
Taking a closer view on each one of them:
1.1.2.1. Micro and Mini UAVs
This category comprises the smallest platforms that fly at lower altitudes (under 300 me-
ters). Designs for this class of device have focused on creating UAVs that can operate
in urban areas or even inside buildings. Within this category, the Micro Aerial Vehicles
(MAVs) are found, these vehicles are not still completely developed, and they represent
the main challenge in the UAV world because of their unlimited applications and because
the lack of reduction on its components’ size is slowing down their development.
Turning to the category of Mini UAVs, most of the non-military UAVs are comprised within
this category, especially rotary wing Mini UAVs which are capable of Vertical TakeOff and
Landing (VTOL). These types of vehicles are currently used for several missions such as:
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Film and broadcast industries, agriculture, pollution measurement, surveillance, communi-
cations relay and so on. [4]
1.1.2.2. Tactical UAVs
This category contains the platforms which fly between 3000 and 8000 meters, but, unlike
Micro and Mini UAVs, tactical UAVs primarily exist within the military world. They can be
divided in six subcategories: Close Range (CR), Short Range (SR), Medium Range (MR),
Long Range (LR), Endurance (EN) and Medium Altitude Long Endurance (MALE) UAVs.
The first three subtypes have a limited flight distance mainly because of the lack of a satel-
lite relay link to be operated with no Line Of Sight (LOS). The absence of this technology
is based mainly on weight and cost reasons.
Long range UAVs require a satellite communication relay link in order to successfully com-
plete their missions. This link permits operating the aircraft way beyond LOS, leading to
the next categories, such as the MALE UAVs. [4]
The most-known example of a MALE UAV is probably the MQ-1 Predator (see figure 1.3),
which was developed by the U.S. General Atomics Aeronautical Systems and that has
been operating since 1995 , it is able to fly up to 40 hours at a maximum range of 3 704
km. They have been used in multiple military conflicts such as Kosovo or Afghanistan,
operating without jeopardizing any pilot’s life. [4]
Figure 1.3: U.S. General Atomics’ MQ-1 Predator UAV [5]
1.1.2.3. Strategic UAVs
Note that the comparison of the MTOW and the Altitude columns of the table shows up a
clear pattern: at higher flight altitudes, UAVs tend to be heavier platforms. This is because
larger platforms can carry larger payloads, and more fuel, and therefore can fly larger
distances and for a longer time, and because of this fact, heavier platforms are used for
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high altitude, long range and long endurance missions, therefore, the HALE UAVs retain
the heaviest airframes.
An example of this kind of system is the RQ-4 Global Hawk (see figure 1.4, a), the Global
Hawk was developed by Northrop Grumman and it has an endurance of 35 hours. Another
non-military example of this type of vehicle is the electric/solar powered Helios (see figure
1.4, b), designed by AeroVironment Inc. and operated by the National Aeronautics and
Space Administration (NASA), it has set a record altitude of about 30 km. [4]
(a) RQ-4 Global Hawk (b) Helios electric/solar UAV
Figure 1.4: Military and civil strategic UAV examples [6] [7]
After this classification mainly based on size, maximum take-off weight and altitude, this
project is going to focus in the category where the used platform lies in, the mini-aerial
vehicles (See table 1.1).

CHAPTER 2. PROJECT OBJECTIVES
One of the existing ideas to help fighting the mosquito is the placement of a network of
ground sensors in the affected area. These sensors would measure different variables
that would help in determining whether the area is prone to have mosquito nests or not.
The problem with such a network is how this data is transmitted to the control centre. The
main solutions to this problem are:
• The network is wired, that is, a physical cable connects the control station and the
sensor network.
• The network transmits via radio signals to the control station.
Both solutions are not very good ones and present the same drawback, which is the cost.
Physically wiring a network of sensors that covers a large area is expensive and if some
node fails it can bring down many sensors. The second solution is also expensive, because
the control station does not have to be in the near vicinity of the network, this means that
the sensors would need to transmit their data at high power. This would result in the need
of larger batteries and thus larger costs.
The solution to this problem is based on the second solution. The sensors transmit their
measurements with very low power which eliminates the need of large batteries and thus
reduces the cost of the network. This results in the transmitted data not reaching the
control station and creates the need to send someone or something to collect it. This
project presents the idea of sending an aerial platform to fetch the data from the sensors.
The aerial platform will be sent to the area where the sensors are located. When the
system gets close enough, it will receive the transmission and store the data. And it
will do so for all the sensors. This aerial platform could also actuate on the target area
by deploying some counter-mosquito agent to try to reduce the mosquito population by
attacking their nests.
It is very difficult for a network of sensor to cover the entire area effectively because
mosquitos can nest in puddles of water that were never there before. This results in having
to search for new puddles now and then. This task can be eased if a camera is placed in
the aerial platform, meaning that new puddles of water could be searched from above.
Based on these facts, the objectives of the project are now defined:
2.1. Project objectives
The aim of this project is to create an autonomous aerial platform capable of collecting data
from ground sensors automatically while flying a programmed mission. While performing
this task, the system operator has to receive a live video and telemetry stream at its remote
location and the air platform has to carry a counter-mosquito agent that has to be ready to
be deployed whenever the operator demands it. The requirements of this project are listed
as follows:
• The system has to be able to cover large areas with no user inputs, i.e. the vehicle
has to be able to fly missions of 10 km. This 10 km target distance is based on the
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size of the area which is intended to be overflown, in this case, by taking a loot at
figure 1.1, the reader can notice that 10 km would be enough to fly a mission starting
at Castelldefels and ending at el Prat de Llobregat.
• The system has to transmit the telemetry to be read remotely by the user, and the
user, has to be able to send orders to the system.
• The user has to receive a live video stream with enough quality to detect water tolls
while airborne.
• The vehicle has to collect information from ground sensors, store it and display it to
the user/operator in real-time.
• The vehicle has to carry enough counter-mosquito agent to liberate at least two
doses of mosquito agent product. The dose deployment has to be activated from
the operator’s location when required.
• The designed system has to be scalable, i.e. the subsystems must be independent
and exchangeable in order to permit implementing modifications, these modifica-
tions could be an increase of the payload capacity, flight range or main application.
• The total cost of the project had to be kept as low as possible with the budget limit
of 1000 e.
To accomplish the technical specifications, the material selected had to be the correct one,
starting with the aerial platform.
Within the MAV category there are two main possible choices, a rotorcraft or a fixed-wing.
To determine which is the most adequate to the intended task both will be introduced in
the following chapter.
CHAPTER 3. AERODYNAMIC CALCULATIONS
In this chapter the decision between using a rotorcraft or a fixed wing is made, and then
an aerodynamic study is completed to determine the power requirements of the motor-
propeller.
3.1. MAV Vehicles: Rotorcrafts Vs Fixed Wings
There are several types of rotorcrafts depending on the number of rotors, but the math-
ematical model is similar for all of them. Therefore, the Quadrotor, which is the most
common MAV vehicle, will be considered (see figure 3.1)
Figure 3.1: Quadrotor picture [8]
Quadrotors have as main advantages, the possibility to perform Vertical Take-Off and
Landing (VTOL), perform stationary flight and having a great maneuverability.
The main drawback of the quadrotors is its main definition, they require power in order to
remain airborne, thus, in case of a motor failure, they are more likely to suffer an accident.
Furthermore, this power requirement is a limiting factor that affects significantly its maxi-
mum towing capabilities and the power consumption, because any weight increase affects
directly to the power required to remain in the air, thus increasing the battery discharge
ratio and reducing its endurance.
In contrast, fixed-wing aircraft (see figure 3.2), do not require a continuous power input
to remain on the air, their lifting capabilities depend directly on the wing and not as much
on the thrust, they are capable of flying at higher speeds carrying heavier payloads with
less energy consumption, but they cannot execute VTOL maneuvers or high-precision
movements.
Each vehicle has pros and cons, but considering the amount of equipment that has to be
towed, and the consumption requirements to extend the range up to the required distance,
the best option is the fixed-wing architecture.
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Figure 3.2: Fixed-wing aircraft model picture [9]
In the following section an aerodynamic study is performed. To complete this study, it
is necessary to first choose an airframe, however, the chosen airframe is presented in
a subsequent section in order to have all the system components together. The chosen
airframe is the Skywalker 1900 from Hobbyking (see section 4.1.1.)
3.2. Fixed wing aircrafts
Before going deeper into the calculations let’s state how the lift is generated: “A jet engine
and a propeller produce thrust by blowing air back. A helicopter’s rotor produces lift by
blowing air down. In the same way, a wing produces lift by diverting air down. A jet
engine, a propeller, an helicopter’s rotor, and a wing all work by the same physics: Air is
accelerated in the direction opposite the desired force” [10]
A fixed-wing aircraft generates the lift by diverting the airflow down, obtaining an opposite
reaction force (Newton’s third law) called lift. (see figure 3.3)
Figure 3.3: Wing lift generation layout
This is a simplified model of explain how the airplanes fly, and therefore a more detailed
explanation about the subject is required, even though a more detailed description is out of
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the scope of this project, but in case the reader is interested in this field, J. D. Anderson’s
Introduction to Flight is the book of reference. [11]
The complete mathematical modelization of the airplane lacks of sense considering the
idea that is being intended to be proved and considering that the navigation, control and
guidance tasks are performed by the autopilot. Even though, there is still the need of some
kind of model to decide about several required components. Thus, a study of the forces
acting on an airplane will be conducted, but with the assumption that it will be performing
a symmetric rectilinear flight. These forces are shown in figure 3.4.
Figure 3.4: Forces acting on a flying airplane while cruising
As can be seen in the figure 3.4, the force diagram on a stabilized non-accelerating aircraft
is rather simple, in the vertical axis lift equals weight:
L=W (3.1)
While in the longitudinal axis, thrust equals drag:
T = D (3.2)
And by taking a look at Anderson’s Introduction to Flight chapter 5 [11], the definition of lift
can be stated as:
L= q∞SCL (3.3)
Where:
• q∞ stands for the dynamic pressure.
• S represents the wing area.
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• CL equals the lift coefficient, which is an asymmetrical wing characteristic parameter
that can be determined by analyzing the wing profile for a determined angle of attack,
because the lift coefficient is highly dependent on this parameter.
Thus, the final equation is:
L=W =
1
2
q∞V 2∞SCL (3.4)
As for the longitudinal axis analysis, and according to Anderson [11]:
D= q∞SCD (3.5)
Where CD represents the drag coefficient which also depends on the wing. Thus, the final
equation on the longitudinal axis is:
T = D= q∞SCD (3.6)
Although this is a simplified model of any airplane at its cruise level, relevant information
can be extracted, especially for the motor selection. The final outcome of this section is to
calculate the power required to maintain a leveled flight to have an approximate idea about
what motor and propeller should be used, and to be able to select the adequate battery for
the system in order to achieve the requirements.
To do so, the drag of the airplane while flying at its cruise speed has to be computed. This
value will also represent the total thrust required. This calculation is not trivial, and several
approximations will be used in order to obtain an initial value:
An air density value equal to the one at sea level (SL) will be considered, this is a conser-
vative approximation because at higher altitudes air density decreases and consequently
drag decreases too. The flight cruise speed will be considered to be ranging between 20
kt and 30 kt. This speed range has been chosen according to the experience of several
members from the DIYDrones community. [12]
Some other assumptions will also be introduced during the calculation process:
Two possible drag sources will be considered, the one created by the wing in the process
of generating lift, which is called induced drag. And the parasitic drag which is divided in
three sub-sources: The skin friction drag, which is caused by the porosity of the material,
the pressure drag caused by the flow separation and finally the wave drag. [10][11]
3.2.1. Induced Drag Calculation
The induced drag is mainly inherent to the wing only, it depends on its shape and on the
angle of attack. Therefore, the analysis of the airfoil shape is a key parameter in order to
calculate the induced drag. Fortunately, during the 1930’s, NACA developed a 4-digit code
to define the main characteristics of any airfoil. [13]
To obtain this code experimentally, several measures of the airfoil need to be taken, the
characteristic measures of the profile are shown in figure 3.5.
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Figure 3.5: NACA Airfoil characteristic measures [13]
The measurements required in order to obtain the 4-digit NACA code are basically two,
the maximum camber position, and the maximum thickness, both considered regarding
the total chord length.
For the Skywalker 1900 model, the measurements revealed that the maximum camber
position is located at the 36% of the chord line, while the maximum thickness is found at
12% of the chord line. Thus, the NACA code of the Skywalker 1900 is the NACA 3612.
Once the profile has been determined, detailed information can be obtained from NACA
Report 460 [13], dated on 1935, where several NACA profiles are analyzed. Figure 3.6
represents the NACA 3612 lift and drag coefficients plotted for several angles of attack,
this information is a key parameter in order to determine the wing performance and char-
acteristics.
3.2.2. Lift Coefficient Analysis
As has been explained in the previous subsection, the lift coefficient by itself doesn’t con-
tain enough information to analyze the wing. This fact is caused by its direct dependence
on the angle of attack, only both parameters altogether permit analyzing the behavior of
the wing during flight conditions.
But before starting this particular analysis of the lift coefficient, it’s rather interesting to
study how does a typical lift coefficient versus angle of attack curve look like, figure 3.7
shows this particular wing characteristic.
As can be seen in figure 3.7 (a), the graph is a nearly-straight line but with a curve at the
top of the line. This particular shape reflects that the wing is capable of generating more
lift as the angle of attack increases, up to a point, where the maximum lift coefficient is
located. This is a critical point, because if the angle of attack is further increased, the flow
will separate and the wing will stall losing lift which will cause the plane to start falling back
to the ground, this point is really important, and it should never be reached.
Another interesting parameter is that most of the non-symmetric wings are capable of
generating lift even with zero angle of attack. This characteristic can be observed by
studying if the lift coefficient versus angle of attack line intersects with the ordinate axis
14 Design and construction of an UAV for plague-control purposes
Figure 3.6: NACA 3612 lift and drag coefficients as a function of the angle of attack [13]
(a) Tipical lift coefficient versus angle of attack plot (b) Airfoil flow behavior depending on the angle of
attack
Figure 3.7: Typical lift coefficient versus angle of attack curve (left) and airfoil flow be-
haviour (right) [11]
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above the abscissa axis.
This particular shape permits simplifying the calculations considering that the plane is
always going to fly underneath the stall point. By applying this hypothesis, the lift coefficient
versus the angle of attack equation is defined as follows:
CL = clαα+ clα=0 (3.7)
Where:
• CL is the airfoil’s lift coefficient for a determined angle of attack.
• clα is the slope of the characteristic line.
• clα=0 is lift coefficient for a zero angle of attack.
And by applying all these steps to the NACA 3612 airfoil’s lift curve, it can be discerned
that the maximum lift coefficient has a value of 1.75 and it is reached for an angle of attack
of 20 degrees. Moreover, the lift coefficient for a zero angle of attack is 0.4. Hence, the lift
coefficient depending on the angle of attack equation is defined as follows:
CL = 0.0675deg-1α+0.4 (3.8)
3.2.3. Lift Calculation
To calculate the wing’s total lift there’s only one parameter remaining, the wing area which
can be measured directly on the wing and has a value of 4180 cm2. With this last step,
and returning to equation 3.4 with the previously commented assumptions regarding the
density and the speed, the total lift of the wing as a function of the angle of attack can be
calculated. The result is shown in figure 3.8.
Figure 3.8 represents the theoretical lift that the wing is capable to provide by flying at three
different speeds. As can be seen in the plot, speed is a major parameter in the process of
generating lift.
Considering the typical cruise speed of this plane (20-30 kt), it can be found that, theo-
retically, it should be able to carry between 5 and 10 kg of weight for its maximum angle
of attack. But because planes never cruise at their maximum angle of attack, a more
conservative approximation is made, by assuming that the theoretical maximum weight
lies between 2 and 5 kg, which according to the airplane’s specifications (up to 5 kg) is
reasonable.
This theoretical calculation is not the most precise one, but it delivers preliminary infor-
mation about the towing capabilities of the platform. The next step within the physical
calculations section is finding out the plane’s drag force in order to determine the required
motor and propeller set.
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Figure 3.8: Theoretical total wing lift versus angle of attack plot for different speeds
3.2.4. Drag Coefficient Analysis
There are three main drag sources, and the wing, as an element exposed to the airflow
generates all of them. Therefore, the total drag generated by the wing will be:
D= D f +Dp+Dw (3.9)
Where:
• D represents the total drag on the airfoil.
• D f is the skin friction drag.
• Dp is the pressure drag due to flow separation.
• Dw stands for the wave drag. This source of drag is only present for transonic and
supersonic speeds, therefore, in this case it is considered as 0, Dw = 0
Therefore, in terms of drag coefficients:
cd = cd, f + cd,p (3.10)
Where cd, f is the skin friction drag coefficient, cd,p is the pressure drag coefficient and cd
is the airfoil profile drag coefficient. This form of drag is generated by the main presence
of the wing against the airflow, but there is also another important parameter to consider,
which is the drag generated by the wing in the process of generating lift, the induced drag.
The calculation of the induced drag coefficient is no trivial, and it lies out of the scope
of this project. If interested in this field, the reader should take a look at [11] where the
complete process to deduce the final equation is described. The induced drag coefficient
equation is defined as follows:
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CD,i =
CL2
pieAR
(3.11)
• CD,i is the total wing induced drag coefficient.
• CL is the lift coefficient for the finite wing.
• e is the span efficiency factor, that for typical subsonic wings ranges from 0.75 to
0.95. This parameter is also known as the Oswald factor.
• AR is the aspect ratio of the wing.
This equation is delivering valuable information, because it demonstrates that the induced
drag varies as the square of the lift coefficient, therefore while flying close to the stall angle
of attack, the main component of the drag will be the induced drag.
Furthermore, with the induced drag coefficient explained, the total drag coefficient gener-
ated by a finite wing while flying at subsonic speeds will be represented by the sum of the
profile drag (cd) and the induced drag (CD,i) coefficients:
CD = cd+
CL2
pieAR
(3.12)
Obtained from equation 3.12, there is another important relationship studied in order to
determine the wing’s performance, which is the plot of the quadratic variation of the CD
with the CL , the obtained curve is known as drag polar curve.
Except the wing constants, i.e. pi, e and AR, the other terms of the equation depend on
the angle of attack as it is shown in figure 3.6. Thus, the total drag of the wing will depend
significantly on the angle of attack.
3.2.5. Wing Drag Calculation
The total drag of the wing can be expressed as:
D=
1
2
ρ∞V∞2S
(
cd+
CL2
pieAR
)
=
1
2
ρ∞V∞2S
(
cd+
(clαα+ clα=0)
2
pieAR
)
(3.13)
And the cd factor is usually taken as a constant selected for the point where there is no
lift, this parameter is known as parasite drag for zero lift coefficient (CD,0). By looking at
the airfoil’s characteristic graphs, the value for parasite drag for zero lift coefficient can
be found, which is CD,0 = 0.012. Hence, the value of the different parameters for the
Skywalker’s 1900 particular wing is shown in table 3.1.
As in the lift case, the drag for several angles of attack and cruise speeds is plotted to
be able to clarify the approximate total drag that the wing will generate for different flying
conditions, the result is shown in figure 3.9.
Considering the fact that this graph will be used to determine the required engine for the
airplane, a very conservative approximation for the drag is chosen with a 5 N value. This
value corresponds to an angle of attack of 9.5º for a 35 kt cruise speed and 23º for a 20 kt
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Parameter Value
ρ∞ 1.225 kmm3
S 4180 cm2
CD,0 0.02
clα 0.0675 deg
-1
clα=0 0.4
e 0.8 (typical conservative Oswald factor)
AR 8.63
Table 3.1: Wing parameters summary table
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Figure 3.9: Theoretical total wing drag versus angle of attack plot for different speeds
Speed and angle of attack Lift (N)
20 kt ∧23° 53
35 kt ∧9.5° 86
Table 3.2: Lift generated by the wing for multiple speeds and angles of attack
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one, which is even outside the maximum angle of attack. The lift values associated for this
speeds and angles of attack can be observed in table 3.2:
By taking a look at table 3.2, it can be seen that the lift value is much larger than the drag
value, the relationship between these two parameters is also a really important indicator
about the wing’s performance, and it is called lift-to-drag ratio. This ratio is also represented
in the left chart of figure 3.6, and as can be spotted, the best ratio is achieved for low angles
of attack, therefore the closer the angle of attack is to zero, the better the performance of
the plane and therefore the most range and flight time can be achieved.
These calculations permit to obtain an approximation about the lifting capabilities and the
air reaction force inherent to the wing of the Skywalker. In fact, an idea about the maximum
weight that the platform will be able to carry can be extracted from this data, as so as
some of the power requirements involved. But, there is still another parameter necessary
to calculate the total drag of the airplane, the inherent drag generated by its fuselage and
tail.
3.2.6. Fuselage Drag
To calculate the drag of the fuselage, there exists an approximate model that can be used
to simplify the calculations, this model can be found in reference [14].
As for the previous calculations, some assumptions are introduced in order to simplify the
calculations:
1. The calculations consider that the plane is flying at sea level, therefore ρ = 1.225
kg
m3 and µ= 1.7910
−5 Pa·s.
2. The Mach number is considered as 0 because of the low speeds at which the plane
flies.
3. The flow is assumed as a completely turbulent flow.
According to the calculation model used, the zero-lift drag coefficient for the fuselage is
defined as follows:
CD0 f =C f fLD fM
Swet f
S
(3.14)
Where C f is the skin friction coefficient, which can be calculated with these two equations
depending on whether the flow is considered laminar or turbulent:
C f =
0.455
[log(Re)]2.58
(Turbulent flow) (3.15)
C f =
1.327√
Re
(Laminar flow) (3.16)
And Re stands for Reynolds Number, which is defined as:
20 Design and construction of an UAV for plague-control purposes
Re=
ρVL
µ
(3.17)
Where ρ is the air density, V is the aircraft’s true airspeed, µ is the air viscosity, and L is
the length of the studied element in the direction of flight. For a fuselage, L is the fuselage
length. For lifting surfaces such as wing and tail, L is the mean aerodynamic chord.
The two previous equations model a purely laminar or a purely turbulent flow, but most
aircraft are frequently experiencing a combination of the two types of flow, but for simplicity
a unified equation is not introduced in this model. Instead, the flow will be considered com-
pletely turbulent, since over-estimation of drag is preferable in front of an under-estimation.
For the Skywalker 1900, the reference longitude L of the fuselage has a measure of 112
cm. And the reference velocity will depend on the selected cruise speed.
The second parameter of equation 3.14 is fLD which is a function of fuselage length-to-
diameter ratio and it is defined as:
fLD = 1+
60( L
D
)3 +0.0025 LD (3.18)
Where L is the fuselage length and D its maximum diameter. If the cross section of the
fuselage is not a circle, the equivalent diameter should be found . And as can be seen
in figure 3.10, the Skywalker fuselage’s cross section is not a circle, but an oblong duct,
therefore to calculate the equivalent diameter, the next formula [15] is used:
deq = 1.55
(pib
2
4 +ab−b2)0.625
(pib+2a−2b)0.25 (3.19)
(a) Skywalker (b) Oblong Duct
Figure 3.10: Project’s Skywalker airframe, notice the shape similitude with an oblong duct
[15]
The third parameter is called fM and it is a function of the Mach (M) number, it is defined
as follows:
fM = 1−0.08M1.45 (3.20)
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The last two parameters are Swet f and S, they are the wetted area of the fuselage and the
wing reference area. The wetted area is the surface area of the fuselage that is in actual
contact with the air (wetted by the air).
To estimate the wetted area of the fuselage, another approximation has been imposed, the
plane’s fuselage has been considered as two cylinders with different diameters as shown
in figure 3.11. For the larger cylinder, the equivalent diameter computed in equation 3.19
has been used.
Figure 3.11: Two cylinders taken as a simplification of the complex fuselage shape
Finally, the drag equation is exactly the same as for the wing, but this time just with the
zero-lift drag coefficient because the fuselage is not a lifting body, and therefore does not
imply induced drag:
D f us =
1
2
ρ∞V 2∞SCD0 f (3.21)
The velocity is not constant, so the result will depend on the cruising speed of the airplane,
for the three studied velocities, the drag of the fuselage takes the values summarized at
table 3.3.
Velocity [kt] Zero-lift drag coefficient (CD0 f ) Fuselage Drag Force [N]
12 0.0058 0.057
20 0.0053 0.143
35 0.0047 0.396
Table 3.3: Fuselage Drag results summary. See appendix G.1.1.
As could be easily predicted, an increase of the velocity implies a nearly-quadratic increase
in the drag force generated by the fuselage, but there is one parameter which looks like
it is changing abnormally, the Zero-lift drag coefficient (CD0 f ) which is reduced when the
speed is increased. This behaviour could look like an error, but it is not, for the skin friction
coefficient depends inversely on the Reynolds number which in turn, depends directly on
the velocity, therefore, larger velocities imply a smaller Zero-lift drag coefficient (CD0 f ).
3.2.7. Horizontal and vertical stabilizers
Finally, the drag generated by the last elements wetted by the airflow is about to be com-
puted. As in the fuselage, the flow will be considered completely turbulent.
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The calculation method for both, the horizontal and the vertical stabilizer is rather similar
to the one used to calculate the drag force of the fuselage, but in this case, the Reynolds
characteristic length used is the Mean Aerodynamic Chord or MAC (C) which is calculated
with the following formula:
C =
2
3
Cr
[
1+λ− λ
1+λ
]
(3.22)
Where Cr denotes root chord and λ is the ratio between the tip chord (Ct ) and the root
chord (Cr) as can be observed in figure 3.12.
Figure 3.12: Aircraft diagram indicating the MAC, the Root Chord, and the Tip Chord [14]
For the stabilizers, there is no length-to-diameter ratio, but thickness ratio, which is defined
as:
ftc = 2.7
( t
c
)
max
+100
( t
c
)4
max
(3.23)
Where
( t
c
)
max is the maximum thickness-to-chord ratio for the analyzed stabilizer. Finally,
the wet surface can be approximated as:
Swet = 2
[
1+0.5
( t
c
)]
bC (3.24)
The final zero-lift drag coefficient for the stabilizers is defined as follows:
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For the horizontal stabilizer:
CD0ht =C fht ftcht fM
Swetht
S
(Cdminht
0.004
)0.4
(3.25)
For the vertical stabilizer:
CD0vt =C fvt ftcht fM
Swetvt
S
(
Cdminvt
0.004
)0.4
(3.26)
Note that there is still one parameter which hasn’t been analyzed, theCdmin . This parameter
represents the minimum drag of the airfoil cross section of the stabilizer, it can be obtained
by analyzing the airfoil’s profiles. Both stabilizers are defined by a symmetrical profile,
which is defined by the NACA 0009 airfoil. The Cdmin for this airfoil, then, can be obtained
from figure 3.13.
Figure 3.13: NACA 0009 lift and drag coefficients as a function of the angle of attack
Note that by being a symmetric profile, the Cdmin is reached for a zero-degree angle of
attack, and has a value of Cdmin = 0.008. With this coefficient, the drag value for both
stabilizers can be calculated. The results are written in tables 3.4 and 3.5.
Velocity (kt) Zero-lift drag coefficient
(
CD0HS
)
Horizontal Stabilizer Drag Force (N)
12 0.0022 0.021
20 0.0019 0.052
35 0.0017 0.141
Table 3.4: Horizontal Stabilizer Drag results summary. See appendix G.1.2.
With the drag value for both, horizontal and vertical stabilizers, the airframe’s drag calcula-
tion comes to an end. But by taking a look at the drag values, it can be noted that the drag
generated by the wing is considerably larger than the drag generated by the whole fuse-
lage and tail. In fact, chart 3.14 shows up the contribution of the induced and the parasite
drag to the total drag that the engine will have to overcome while cruising.
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Velocity (kt) Zero-lift drag coefficient (CD0VS ) Vertical Stabilizer Drag Force (N)
12 0.0022 0.022
20 0.0020 0.054
35 0.0018 0.147
Table 3.5: Vertical Stabilizer Drag results summary. See appendix G.1.3.
To obtain this graph, the angle of attack chosen was 10°, because this is the angle of
attack, that a the most typical cruise speed (20 kt) will permit carrying up to 3kg of payload
(including the airframe), which is around the maximum flying weight that the airframe will
reach during the project tests.
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Figure 3.14: Computed induced and parasite drag contribution to the total drag
By taking a glimpse at the figure it is easy to discern that the induced drag contribution to
the total drag is more important than the parasite drag, even though there is just one part
of the plane (the wing) generating lift, and 4 of them increasing the parasite drag (wing,
fuselage, horizontal stabilizer and vertical stabilizer). This behavior is inherent to low-
speed flights, where the induced drag dominates the total drag generated by the plane,
this response can also be observed at the chart 3.15.
An important conclusion can be obtained from this aerodynamic study, the element which
will cause a larger reduction on the system’s endurance will be the weight, because more
weight will imply more induced drag, which as has been explained, will impact directly on
the total drag and therefore on the power required to maintain a leveled cruise.
3.2.8. Plane’s Total Drag
To end with this section, there is just one step required, to display the total drag plot for
different speeds and several angles of attack. This plot will present the total drag require-
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Figure 3.15: Theoretical induced and parasite drag contribution to the total drag [10]
ments which will be used in order to determine the power required, therefore it is necessary
to choose the appropriate engine and to determine the theoretical flight autonomy, this plot
can be observed in figure 3.16:
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Figure 3.16: Total plane drag Versus angle of attack for several speeds
To determine the total drag that the engine will have to overcome while cruising through the
air, the maximum take-off weight requirement will be used. To overestimate the payload, it
is stated that the vehicle would have to be capable to lift up to 5 kg considering the aircraft
itself and the payload, this minimum towing weight implies that while, cruising (remember
that lift equals weight), the lift will have to be, at least 50 Newtons.
By taking a look at figure 3.8, it can be seen that for a 20 kt cruise speed, the angle of
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attack required to generate the intended lift is 21.3°. Whereas for a cruise speed of 35 kt,
the angle of attack required is just 3°. Therefore, considering that the typical cruise speed
of the vehicle lies between those two speed values, is a truly meaningful lift value.
The drag value associated to this lift value depends on the velocity and on the angle of
attack, but for the two analyzed values it can be obtained from figure 3.16, the value is
summarized in table 3.6.
Lift (N) Speed and angle of attack Drag (N)
50 20 kt ∧ 21.3° 4.80
50 35 kt ∧ 3° 3.10
Table 3.6: Drag corresponding to the target lift value selected
Spot that the drag value is considerable smaller for the configuration with a higher speed
and a smaller angle of attack, this is caused by the inherent behavior of the wing. From
figure 3.6, it is possible to discern that the maximum Lift-to-Drag ratio is obtained for a zero
angle of attack, this characteristic is the one causing the drag to be smaller for smaller
angles of attack.
The total drag of the plane while cruising, then, will depend on its attitude, but there has to
be enough power to keep the leveled flight independently on the attitude, and also permit a
steep climb ratio to avoid any obstacle if required, therefore, and considering the engine as
the main actuator of the plane, a more-than-conservative approach to the power required
will be used.
The selected drag force while cruising that the engine will have to overcome is 6 N, analyz-
ing the total drag plot is simple to notice that this value is not easily reached, and therefore
it has been over-estimated to avoid any lack of power issues.
3.3. Propeller
The propeller is a very important part of the airplane because it converts the rotational
power that is transmitted from the motor into thrust. And this thrust is used to accelerate
the plane.
In radio-controlled aircraft, propellers are classified by two lengths, the first one refers to
the diameter and the second to the pitch length and both of them are normally given in
inches. The first parameter is easily understandable because it is simply the length of the
prop from tip to tip. The second parameter however is not as straightforward to understand.
The pitch length, which is usually referred to simply as pitch, is similar to that of a common
screw. If the propeller were turned through the air without slipping, the distance that it
would travel in each revolution is what is called the pitch length. [16]. In figure 3.17 can be
seen an image that shows the pitching length in a manner that is easier to understand.
In figure 3.17, it can be seen two props and their tip trajectory depicted in a dashed line.
The prop from the left has a lower pitch than that from the right and thus travels less
distance per revolution.
It is important to choose the right propeller for the motor and airframe, so in this section,
a theoretical study of propellers is made so that it can help to choose the right one. In
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Figure 3.17: Propeller pitch length
section 3.2., the necessary thrust that the propeller would need to provide to overcome the
drag forces on the airframe was computed. Knowing the target thrust, it is now possible to
find out which propeller is best for the job. Another important aspect is the motor, at the
end of this section the necessary power needed to turn the propeller will be known, and
this power will have to be provided by the motor. With this information, an approximation
regarding how much energy will the motor consume could be made, this would help in
predicting the autonomy of the power supply.
A detailed description is not going to be made because that would break the continuity of
this document which is not intended as mechanics of flight text book. All the information in
this propeller section has been extracted from Warren F. Phillips’ Mechanics of flight. [16]
An airplane propeller is much like a wing, it produces thrust exactly the same way as a
wing produces lift. So a propeller can be considered a rotary wing and its cross-section is
also an airfoil section. The difference between both of them is that the wing produces lift
to support the weight whereas the propeller does it to counter the drag and accelerate the
plane in the direction of motion.
The velocity of each section of the propeller blade depends on the distance from the axis
of rotation, which is why a propeller blade usually has much more twist than a typical wing.
The propeller has more pitch close to the axis where it moves slower and less pitch near
the tip where it moves faster. The angle that the section zero-lift line makes with the plane
of rotation is called the aerodynamic pitch angle, and it is denoted as β, and it varies with
the distance from the axis of rotation, r.
Each blade of the propeller will generate lift, but will also be subject to other forces such
as drag, both parasitic and induced.
The drag is defined as the component of the aerodynamic force that is parallel to the
relative airflow, so on a rotating wing, the drag produces a moment about the propeller
axis that opposes its motion. The motor will need to provide the necessary torque to
overcome it. In single engine airplanes, the propeller is normally aligned with the direction
of motion, this means that the momentum generated by the drag will be felt at the airframe
as a rolling force, that is, it will try to bank the airplane. This must be countered with an
aerodynamic moment produced by the airframe.
Maximizing thrust while minimizing the torque necessary to turn the propeller is one im-
portant aspect of good propeller design. The ratio of the thrust developed to the torque
required for a propeller is analogous with the lift-to-drag ratio for a wing. The torque re-
quired to turn the propeller multiplied by the angular velocity is called the propeller brake
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power. It is the power that must be supplied by the motor. The thrust developed by the
propeller multiplied by the airspeed of the airplane is called the propulsive power. This is
the useful power that is provided to propel the airplane forward against the airframe drag.
The ratio of the propulsive power to the brake power for a propeller is called the propulsive
efficiency. This is one important measure of propeller performance. However, it is not the
only important measure. The thrust that is developed by a propeller when the airplane is
not moving is called the static thrust. It is important for a propeller to produce high static
thrust when accelerating an airplane from brake release on takeoff. Since the airspeed is
zero for the case of static thrust, the propulsive power and the propulsive efficiency are
both zero. Thus, propulsive efficiency is not a particularly good measure of a propeller’s
ability to accelerate an airplane from a standing start.
3.3.1. Propeller aerodynamic analysis
The analysis, as previously explained, will be superficial, and only important parameters
such as thrust and necessary torque to move the propeller will be presented. To have a
better insight of the physics and demonstrations take a look at [16].
In the calculations, the propeller’s forward motions will be considered to be completely
perpendicular to the axis of rotation, that is, no component of the forward airspeed is at the
plane of rotation.
The total thrust developed by a propeller can be calculated with the following equation:
T =
kρω2
2
∫ rt
rh
r2cb
cos2 εi
cos2 ε∞
[
C˜L cos(ε∞+ εi)−C˜D sin(ε∞+ εi)
]
dr (3.27)
Where εi is the induced angle and can be numerically solved from the following equation:
kcb
16r
C˜L− cos−1
exp
−k
(
1− 2rdp
)
2sinβt
 tanεi sin(ε∞+ εi) = 0 (3.28)
From equations 3.2 and 3.28:
• k is the number of propeller blades
• ρ is the air density
• ω is the rotational speed of the propeller
• r0 is the tip radius
• rh is the hub radius
• cb is the local section chord length
• ei is the induced angle
• e∞ is the downwash angle that results from the propeller’s forward motion
• C˜L is the local section lift coefficient
• C˜D is the local two-dimensional section drag coefficient
• dp is the propeller diameter
• βt is the aerodynamic pitch angle at the propeller blade tip
So, if all the above parameters are known, then the thrust can be computed. However, in
the case described in this project, the thrust is known and the propeller’s diameter dp and
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the pitch length λ have to be computed. The pitch length can be obtained from the pitch
angle β with the following relation.
λ(r) = 2pir tanβ (3.29)
The total torque required to turn the propeller is:
l =
kρω2
2
r0∫
rh
r3cb
cos2 εi
cos2 ε∞
[
C˜D cos(ε∞+ εi)+C˜L sin(ε∞+ εi)
]
dr (3.30)
If the torque is multiplied by the angular velocity, then the brake power Pb is obtained
Pb = lω (3.31)
This power is the one that will need to be provided by the motor.
Keep in mind that most of the complexity regarding these equations resides in the lift and
drag coefficients that are somewhat difficult to calculate.
3.3.1.1. Calculations
Specific propeller data is needed to be able to perform the calculations, however, data this
detailed is not given by RC propeller manufacturers
A solution to this problem would be to make measurements in the propeller itself, but the
task would become very tedious and time consuming even considering the availability of
the right tools, not to mention that lots of propellers would need to be acquired to perform
lots of measurements which is not very efficient.
Another, simpler, solution would be to make some assumptions with these “unmeasurable”
parameters. The results would be slightly degraded but would still give a reasonably good
approximation.
Assumptions
• A constant pitch propeller will be assumed, that is, the pitch length will not depend
on r.
• The local section chord length cb will also be considered constant along the prop.
• The propeller’s motion is completely perpendicular to the plane of rotation.
• The lift coefficient is difficult to compute and relies on experimental data. Lots of tests
were performed by NACA for many different airfoil profiles. So if the propeller airfoil
is known, the lift coefficient can be obtained using this data. To make a rigorous
calculation, it is imperative to know the airfoil profile along the prop, this however,
is not given by any manufacturer. But there are some manufacturers that give an
approximate profile in which all of their propellers are based.
The assumption regarding the lift coefficient is that the calculations will be based
on a particular manufacturer airfoil, APC. Advanced Precision Composite Propellers
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states in its webpage that the dominant basis for the primary airfoil shape used in
most of their propellers is similar to the NACA4412 and Clark-Y airfoils. [17] So, for
the calculations, the entire prop section will be considered to be a Clark Y airfoil, this
airfoil has a 12% thickness at 30% of the chord and a maximum chamber of 4% at
40% of the chord.
Lift coefficient
The lift coefficient is a linear function of the angle of attack until a limit where it drops
rapidly. So, not taking into account this loss, it can be considered completely linear. The
data to calculate the lift coefficient must be obtained experimentally. NACA report No. 502
[18] contains information regarding the Clark-Y airfoil. Figure 3.18 shows the lift coefficient
data from the report.
Figure 3.18: Clark Y lift and drag coefficients [18]
From figure 3.18, the lift coefficient can be obtained by taking two points since it is a linear
function. The result is:
CL = 4.01α+0.4 (3.32)
Where α is the angle of attack measured from the section chord line, however, for con-
venience it is preferred to use the angle of attack measured from the section zero-lift line.
Using simple geometry, the next expression is obtained.
α= αb−αL0 (3.33)
Where αb is called the aerodynamic angle of attack and is measured from the section
zero-lift line and αL0 is the zero-lift angle of attack which can be obtained by solving the lift
coefficient equation for CL = 0.
So, after making this change, the lift coefficient equation becomes:
CL = 4.01αb (3.34)
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Drag coefficient
The drag coefficient is obtained in a similar manner as the lift coefficient, but it is not a
linear function, so it is more complex. From figure 3.18 it can be discerned that the drag
coefficient could be approximated by a second order function.
CD = 0.687α2+0.200α+0.027 (3.35)
Again, it is more convenient to write it as a function of αb.
CD = 0.687α2b+0.337αb+0.054 (3.36)
3.3.1.2. Results
With all the assumptions settled, it is now possible to proceed with the calculations. These
calculations have been performed using Octave, and the code is available at appendix G.
The code itself will not be explained because it is merely a numerical computation and only
the results are presented.
The motor will have to overcome a maximum of 6 N of drag while cruising. This drag is
quite larger than the one calculated in section 3.2.8.. A larger value however, is better
since it considers other drag sources that cannot be easily calculated. Having a motor that
can overcome this drag is better because it will have spare power in case it is needed.
Several calculations have been made considering a forward speed of 35 knots (as it is
the maximum considered cruise speed achievable) and several propeller sizes. The result
from these calculations will be the power required to turn the motor. This power is then
used to choose the appropriate motor.
Size RPM Power [W] Size RPM Power [W] Size RPM Power [W]
9x3 13 550 354 8x3 15 070 332 7x3 17 150 320
9x4 11 750 290 8x4 13 100 281 7x4 14 800 270
9x4.5 11 050 269 8x4.5 12 300 261 7x4.5 13 950 257
9x5 10 450 253 8x5 11 620 247 7x5 13 200 245
9x6 9 480 230 8x6 10 600 231 7x6 12 500 232
9x7 8 750 217 8x7 9 800 220 7x7 11 150 223
9x8 8 150 208 8x8 9 100 209 7x8 10 450 217
9x9 7 700 204 8x9 8 600 205 7x9 9 900 214
9x10 7 300 200 8x10 8 170 201 7x10 9 450 212
Table 3.7: Simulation results
From the results shown in the table 3.7, it can be seen that the needed power to turn the
propeller remains more or less constant for the same pitch but the needed rpm decreases
as diameter increases. It is better to achieve the desired thrust with lower rpm because
the propeller will be subject to lower rotational forces. For lower rpm a larger diameter
is needed. Also, if the propeller turns slower, then less noise will be generated. The
Skywalker has a limit regarding the size of the propellers it can use and this limit is 9
inches. If the propeller were any longer it would hit the tail. Thus, the first parameter that
defines a propeller has been determined, 9. From table 3.7, the results for a 9 inches
propeller with different pitch lengths are shown. Note that as the pitch length decreases,
32 Design and construction of an UAV for plague-control purposes
more rpms are needed to provide the same thrust, and more rpm results in more drag that
the motor has to overcome and thus more power.
Choosing the right propeller for an electric motor is critical. If the prop is too big, the motor
will not be able to turn it and will draw more and more current until the ESC or the motor
itself burn out. If the propeller is too small, the rpm might be too high and damage the
motor’s shaft. Each propeller should match with its corresponding motor. The motor to
choose depends highly on the model and on the purpose of the plane. RC motors have a
kv rating. This kv rating indicates the rpm per volt, and it is closely related to the torque
the motor will be able to provide. As a general rule, high kv motors are used to turn small
propellers really fast and accelerate the plane to high speeds, but with the drawback that
it has less torque. Low kv motors however have greater torque and are used to turn larger
props, which turn at a lower rpm. This motors are most suitable for 3D applications, where
lots of thrust is needed to be able accelerate the plane vertically.
Because speed isn’t everything in this project, the variables to prioritize are the consump-
tion and the thrust, therefore the election is based in these variables, thereby, the diameter
of the propeller should be the maximum suitable one, because larger propellers imply less
rpm to obtain the same thrust, and therefore less consumption and more autonomy.
The selection of the pitch angle depends on several factors which are not likely to be
explained in this project for the lay out of the intended aspects to study, therefore, a 3rd
party application has been used to determine the appropriate pitch angle for the propeller,
this application takes the form of an online calculator called WebOcalc-1.5.2 [19]
The application selects the most adequate propeller depending on the airplane’s charac-
teristics and the chosen battery and required thrust. The obtained results are shown in
figure 3.19.
Figure 3.19: WeboCalc-1.5.2 results
According to the application, the most adequate propeller to fulfill the airframe conditions
is an APC 9x4.5, therefore, the selected pitch for the propeller is 4.5 inches.
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3.4. Motor and battery selection
The previous section had the purpose of obtaining the power requirements to determine
the appropriate motor for the plane, and hence, also the correct battery, in case the reader
has a clear interest for any of this two elements, consider looking at appendix D and
appendix A where the main types of engines and batteries respectively are explained to
justify the final selection. Starting with the motor selected, to select an adequate motor
it is clearly better to choose one over-powered than an under-powered one, therefore,
the worst case scenarios have been considered: Table 3.7 shows the required power to
overcome the previously computed drag while cruising.
But, for none of the studied propellers, the power required exceeds 400 W or is less than
200 W. Thus, the chosen motor had to provide as much power as 400 W for the worst
case scenario where the incorrect propellers is used, with this initial conservative value,
and considering that the Skywalker 1900 motor mount has a maximum engine size limit,
a valid option, also considering the price, is the NTM Prop Drive Series 35-30A 1400 KV
[20]
This engine is capable of providing from 420 W for a 3 cell battery, to 560 W for a 4 cell
one, therefore, a 3S battery can be used to power up the engine for it provides enough
power to ensure the flight even in the worst possible scenario.
In this project, LiPo batteries are used to power all the systems on the plane. This decision
is based on the fact that LiPo batteries have a higher specific energy, and weight is tightly
related to cost. The ability of these batteries to supply higher discharge rates makes
them perfect for driving high powered brushless motors necessary for larger planes. A
comparison of different battery types is made in appendix A
To choose a particular battery, the following characteristic parameters need to be consid-
ered:
• Output voltage
• Maximum continuous current discharge rate
• Capacity
From the architecture presented in chapter 4. One battery is used to power the motor,
the servos, the APM, the 3DR Radio, the receiver and the GPS module. And another one
powers the Raspberry Pi and its peripherals.
The motor is the device that draws the most current and the battery must be able to provide
this current otherwise the motor will not work properly or the battery might heat up to much
and eventually get damaged. Manufacturers provide voltage and current requirements of
their motors, and these must be met by the chosen battery. The desired autonomy is also
an important factor, choosing a battery that can run the target motor is not enough if it
can only do so for a couple o minutes. This is where the capacity comes in: The capacity
is a measure of how much energy a battery can store. Larger capacities mean larger
autonomy but also more weight.
From the motor requirements, a 3S battery has been chosen. LiPo batteries’ cells have a
nominal voltage of 3.7 V, thus a 3S battery would have a nominal voltage of 11.1 V
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The correct capacity of the battery is determined by computing the consumption of the
system during its nominal operation considering that being capable of flying distances up
to 10 km was one of the initial project specifications:
Considering a cruise speed of 35 kt and the just obtained results from the power require-
ments of the motor, the capacity of the battery can now be determined. To maintain a
level flight at a cruise speed of 35 kt, the motor needs to provide, from table 3.7, 269 W.
This power will need to be provided along the entire flight. From this power, the necessary
current can be computed using equation 3.37
I =
P
V
≈ 24.3 A (3.37)
The battery will need to provide 24.3 A for 9.4 minutes. These two values allow to calculate
the necessary capacity of the battery using equation
C = It ≈ 3800 mAh (3.38)
So a battery of 3800 mAh that is capable of providing 24.3 A would be enough to supply
power for a 10 km flight
This capacity is the minimum the battery should have, however more capacity is better for
it allows for possible longer flights.
The discharge rate is the last parameter that needs to be determined. From the motor
specifications, the maximum operation current is 41 A and the battery should be able to
provide it. This discharge rate is not a problem because high capacity LiPo batteries can
normally discharge at much higher rates. The chosen battery is the Turnigy Nano-Tech
5000mAh 3S 65-130C LiPo pack from HobbyKing. This battery as the specifications state
is able to provide 325 A continuously which exceeds the maximum current drawn by the
selected motor.
CHAPTER 4. SYSTEM’S ARCHITECTURE
In this chapter, the architecture of the system is presented. Then the individual compo-
nents are chosen to end with the design of the power supply.
The main subsystems that define the architecture are the following:
• Airframe: The airframe is the body of the system, it contains all the other systems
and allows the plane to fly by generating the lift. The airframe consists in the air-
plane’s fuselage, the vertical stabilizer, the horizontal stabilizer and the wings.
• Autopilot: The autopilot is in charge of controlling and navigating the airplane.
• Onboard computer: This system is used to transmit real time video and telemetry
over the internet, as well as gather data from ground sensors and control the BTI
deploying system.
• Motor: The motor gives energy to the airplane so that it can build up enough speed
to generate lift and fly.
• Power supply: It powers the entire system.
• Ground controls station: It is the ground computer software that shows the teleme-
try data, the video feed, the sensor data and allows to actuate the BTI deployment
system.
These systems are comprised of subsystems that interact with one another resulting in a
complete system. These subsystems are:
• Servos: The servos allow the autopilot to actuate on the airframe. They move the
control surfaces and thus allow for the control and navigation of the plane.
• RC Receiver: This system receives orders from an RC transmitter and passes them
to the autopilot. This allows for manual control of the plane and other functions such
as fly-by-wire.
• ESC: The electronic speed controller is an interface between the autopilot and the
motor. It receives control signals from the autopilot and actuates on the motor.
• Camera: The camera is used to capture video in flight, this video is then processed
by the onboard computer and transmitted over the internet.
• Propeller: It converts the rotational energy from the motor into the actual thrust that
propels the airplane.
Note that this is a scalable architecture. Once all the system is completed, individual
components can be replaced by other ones that fit best the interest of the project they
intend to serve. This document presents a specific project that uses specific components
and the selection of these components is explained in the following section.
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4.1. System components
The system components selection is the most important decision prior to physically starting
the project, therefore an in-detail analysis of the most important component is needed, this
analysis is developed in the next few pages.
The best way to start a section like this one is to list the minimum required materials in
order to build a complete UAV system that accomplishes all the proposed requirements:
1. An airframe 4.1.1.
2. An autopilot 4.1.2.
3. A Ground Control Station (CGS)
4. An onboard computer 4.1.3.
5. A motor
6. An Electronic Speed Controller (ESC)
7. A battery or set of batteries A
8. A battery charger
9. A video camera
10. A Video transmission/reception system
11. A propeller 3.3.
12. A telemetry set
13. Power adapters
14. An RC controller set
15. Servos
16. Fibre tape
17. Balsa wood
The most important elements of this list are the ones that have been explained in detail,
the ones that are not, is simply because any generic element is to be used or they are
introduced in their respective section.
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4.1.1. Airframe
As has been clarified in section 3.1., the best type of vehicle for the intended purpose is
an airplane. Hence, the chosen plane had to accomplish the project requirements while
keeping the cost as low as possible. The requirements for the airframe are simple: Being
capable of lifting up to 5 kg including the main aircraft, having a large load bay to position
all the components and be easily detachable to facilitate its transport.
Another important characteristic of the model used is that, since the possibility of suffering
some kind of accident/crashes is reasonably elevated, the model had to be strong enough
to suffer accidents without a fatal damage, while being easy to repair.
Several types of materials are used to build aircraft models such as: Fibre glass, wood and
foams like EPP or EPO .
Fibre glass and wood are light materials that are commonly used for manufacturing RC
airplanes, and even cars or boats, but a plane crash with any of those materials would
result in a complete destruction of the plane as can be seen in the frame sequence of
figure 4.1.
Figure 4.1: Image sequence of a mid-air collision involving a wood and fiberglass RC
model
The remaining option, then, is choosing a foam airplane. The only consideration is that
there are several types of airplanes depending on the intended activity that they have to
perform, there are acrobatic planes, parkflyers (to fly within a rahter limited area) or FPV
planes, this last type of airplanes are used in combination with a camera and a video
transmitter/receiver set, and they are used to fly way further from the pilot’s sight.
FPV airplanes tend to include larger load bays to stove all the electronics required and the
larger batteries used to perform longer flights. Thus, this type of aircrafts is the one that
most suits the application requirements. Considering the prize, the size and the load bay
of the airframe, the best two options were:
1. The Skywalker 1900: Which costs 68.45 e at Hobbyking [21]
2. The Skywalker X-8: With a 123.87 e prize at Hobbyking [22]
Both aircrafts can carry approximately the same amount of payload, both are crafted with
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EPO foam, but the prize difference added to the easiness to fix external payload made the
decision short-lasting, the Skywalker 1900 (see figure 4.2) would be the used platform.
Figure 4.2: Skywalker 1900 mm wingspan platform
4.1.2. Autopilots
The autopilot is the most important electronic component carried by the plane, because it
is the element in charge of navigating the plane, therefore it is important to choose wisely,
and to avoid breaking the continuity of the section, the details on which the final decision
was based can be found in appendix B.
The selected autopilot is the APM 2.6, its specifications can also be found at appendix B.
4.1.3. Onboard Computers
As for the autopilot, this component is the second most critical component after the first
one. The chosen onboard computer is the Raspberry Pi Model B (+), the factors regarding
this decision are explained at appendix C.
4.1.4. Motor
The type of motor selected is an outrunner brushless motor, the explanation of this election
is shown in section 3.4.. The power required is computed in section 3.3..
The best choice balancing the power requirements and the cost is the NTM Prop Drive
Series 35-30A 1400 KV (See figure 4.3). The engine is capable of providing from 420 W
for a 3-cells battery, up to 560 W for a 4-cell one.
4.1.5. Electronic Speed Controller
Right after the brushless engine, the Electronic Speed Controller (ESC) is the next element
to be chosen. The ESC switches the motor coils on or off rapidly, and is synchronized to
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Figure 4.3: NTM Prop Drive Series 35-30 A 1400 KV picture
the motor axial position, therefore from the engine point of view is like having an AC power
source but from the power point of view, they can use a DC power source.
The appropriate ESC has to be capable of, at least, delivering the maximum current that
the engine demands. The chosen engine requires, at least, a 50 A ESC according to
the manufacturer’s specifications, but to ensure that no problem occurs relating this com-
ponent, an over-sized one was chosen, specifically, the 80 A Turnigy AE Brushless ESC
which is shown in figure 4.4.
Figure 4.4: Turnigy AE-80 A Brushless ESC picture
4.1.6. Battery and battery charger
The used battery is the Turnigy Nano-Tech 5000 mAh 3S 65-130C LiPo pack. What battery
to choose is directly related to the motor power requirements and to the desired autonomy.
The decision is made in section 3.4.. Figure 4.5 shows a picture of the battery.
The battery specifications state that it can provide 325 A constantly and a burst of 650 A
for 10 seconds.
These batteries are rechargable, and to use them more than once, a battery charger is
needed. It is very important to choose a charger that is capable of charging LiPo packs
40 Design and construction of an UAV for plague-control purposes
Figure 4.5: Turnigy Nano-Tech 5000 mAh 3S battery picture
and that it also has a balancing feature. Any charger that has these features can be used.
For more information about LiPo batteries and safety concerns, see appendix E
4.1.7. Servos
According to the airplane’s manufacturer, any 9 gram servo is capable enough to execute
the task, 4 servos are required to actuate on the airplane’s control surfaces: Right aileron,
left aileron, rudder and elevator. Note that another servo will also be required for the
mosquito-agent deployment system, but in this case, because the application is not so
critical, a cheaper common servo can be used.
The chosen servos are the Corona 929MG Metal 12.5 g servos (see figure 4.6). These
servos exceed the minimum 9 g limitation, and therefore should be less susceptible to fail
under the nominal working conditions.
Figure 4.6: Corona CS929MG 12.5 g servo picture
4.2. Power supply
Two batteries are used to supply the necessary power to the system. The first one supplies
power to the motor, the servos and the APM alongside its peripherals and the second
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one supplies the Raspberry Pi and its peripherals. Within this document, the battery that
supplies current to the motor will be referred as the main battery whereas the other will be
referred as secondary.
The main battery will supply power to the following elements:
• Motor
• APM
• 1x 3DR 433 MHz radio
• 4x servos
• GPS/Compass module
• RC receiver
The secondary battery supplies to:
• Raspberry Pi
• Arduino Duemilanove with XBee module
• 3G USB dongle
• USB stick
• Raspberry Pi camera
A complete schematic of the system can be seen in figure 4.7
Both batteries cannot supply power directly to the system, the voltage needs to be adapted
first because all the electronics in the plane must be supplied at 5 V and both batteries give
11.1 V. This adaptation of the voltages of the batteries will now be explained in this chapter.
4.2.1. Main battery power supply
All the elements this battery has to power except for the motor need to be supplied at 5
V. This means that the battery’s voltage needs to be lowered. The APM Power Module is
designed to power the APM, a 3DR radio, the GPS/Compass module and an RC receiver.
As can be seen in figure 4.7 the main battery is connected to this element. However, the
current that the Power Module provides is not enough to power the servos, and this is
where the BEC comes in. BEC stands for Battery Elimination Circuit and it is simply a
regulator. Most ESCs have a built-in BEC to power the servos, this allows to have just
one battery to power the entire system instead of having a separate battery to power the
servos only, which would add extra weight to the system. The last thing that needs to be
powered is the motor. In this case, there is no need of any voltage adaptation, the battery
can be directly connected to the ESC which handles the control of the motor.
4.2.2. Raspberry Pi power supply
The Raspberry Pi is powered by a Micro USB power supply and it needs at least 700 mA
at 5 V. More amperage is highly recommended because if it draws too much power it is
likely to cause the Pi to reboot, which is an undesirable situation. [23] The board has a
polyfuse that limits the input current to 1.1 A. [24]
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Figure 4.7: System architecture schematic
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The newer version of the Raspberry Pi model B is called model B+, this newer model con-
sumes much less, between 0.5 W and 1 W, this results in a current consumption between
100 mA and 200 mA. The B+ model, limits the input current to 2 A. [25]
To be able to design a power supply it is very important to determine how much current
will the hardware draw so that the regulator can deliver enough. The regulator will have to
power at 5 V the following elements:
• Raspberry Pi Model B/B+: 700 mA / 100-200 mA [26]
• E173 3G Dongle: 500 mA [27]
• Arduino with Xbee module: 35 mA
• 3DR Radio: 100 mA when transmitting at 100 mW
• 4 GB pendrive: < 145 mA [28]
• Raspberry Pi Camera Module: 250 mA [29]
Therefore, the analysis of the consumption for each element determines that:
• The Raspberry Pi model B+ will be the one used for the final version of this project
for its much lower consumption, 200 mA.
• The E173 3G dongle is the element that draws the most current, 500 mA.
• No data has been found regarding the current consumption of the Arduino Duemi-
lanove with the Xbee module, however, being its function only to redirect data re-
ceived from the Xbee module to the USB port, therefore it does not transmit, the
power consumption should be very low. Some users in the Arduino forums have
measured it to be around 35 mA, this is the value that will be used for the calculation
since it is the best available reference. [30]
• The 3DR Radios draw 100 mA when transmitting at 100 mW [31], but in this project,
the power at which the radios transmit have been configured to be 1.3 mW which
would result in a much less current draw, however 100 mA will be considered so to
take into account other components that its considered consumption might be too
low such as the Arduino Duemilanove board and the USB stick
• The Raspberry pi camera module, as stated in its webpage, draws around 250 mA
[29]
So, the minimum total amperage the regulator has to be able to provide is around 1.1 A.
4.2.2.1. USB Ports
The USB ports on the Raspberry Pi have a design loading of 100 mA each as stated
on its documentation webpage [32], and drawing more current could result in unreliable
operation.
In older versions of the board, the intensity each USB port could deliver was limited to 140
mA by a polyfuse (PPTC). However, this component has been removed in newer revisions
of model B. [33]
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4.2.2.2. Voltage regulator
The Raspberry Pi will be powered by a separate battery than the one used by the rest of
the airplane’s electronics (autopilot, servos, receiver...), because it is better to draw as less
current as possible to keep the battery healthy for a longer time. The used battery is a 3S
LiPo with a capacity of 1800 mAh.
As stated in the previous section, the Raspberry Pi needs 5 V. So a regulator is needed to
lower the voltage from the battery. The design uses two KA7805A from Fairchild as voltage
regulators (These regulators are used because they are the ones that were available at the
time of the design). They can deliver up to 1 A, or more if adequate heat sinking is provided.
Two of them are used so that they can split the current each one delivers to avoid them
heating too much. [34]
Regarding the working temperature, it is important to make a calculation about how much
temperature will the regulators reach when operating. To compute this temperature, a
value is needed from the datasheet, the Thermal Resistance Junction-Air R ja for the T0-
220 casing which is the used one, this value is:
R ja = 65°C/W (4.1)
To proceed with the calculation, the power that each regulator dissipates is needed. As-
suming the battery delivers 12 V, then the regulator will have to drop 7 V to have 5 V at
its output and if the current is split between the two, then each one will deliver 550 mA
meaning that they will have to dissipate 3.85 W each.
To compute the temperature, the following formula is used:
T = Ta+TjaP (4.2)
Where Ta is the ambient temperature and P is the dissipated power by each regulator.
Assuming that the ambient temperature is of 25 °C, then the temperature the regulators
will have during operation will be of 275.25 °C. If only one were used, then the temperature
would be of 502.5 °C.
Note that this regulator will limit the current depending on how much it heats, this means
that if no adequate heat sinking is provided, the supply current might be less of what the
Pi needs and an unreliable operation may occur.
A way of reducing the temperature is to use heat sinks. They are simply a piece of metal
that is attached to the component and increases considerably the area of contact with the
surrounding air allowing for a better heat dissipation, the heat-sinking used for this project
can be observed in figure 4.8. If using heat sinks were not enough, then the regulators
would need to be placed somewhere where the airplane’s surrounding air can flow and
help dissipate the heat.
In figure 4.9 the circuit schematic is shown. Two capacitors are used to filter the signal and
its values are the same as figure 5 in the datasheet [34].
Note that in figure 4.9 the voltage depicted in the battery is 11.1 V and when computing the
temperature of the regulators, the voltage was said to be considered 12 V. This difference is
based in the fact that 11.1 V corresponds to the nominal voltage of 3.7 V per cell, but when
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(a) Regulator (b) Switch
Figure 4.8: Built regulator with an external heat sink added
Figure 4.9: Raspberry Pi power supply layout
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fully charged, the cells have a voltage of 4.2 V resulting in a total of 12.6 V. But since the
voltage drops rapidly at the beginning, considering 12 V is a good approximation. When
below 12 V, the regulators will dissipate less power and therefore they will heat less.
4.2.2.3. Regulator tests
As stated before, these regulators are designed to provide up to 1 A of current each, even
more if adequate heat sinking is provided. Tests must be performed to determine if it
can power the system because if not enough power is supplied, the system may behave
erratically or not function at all. This is why a series of ground tests were performed to
discern how much current is actually provided. Note that the design uses two regulators,
meaning that the total output current the regulator system could deliver is of 2 A or more.
All the tests consisted in connecting a load to the regulator’s output and measure the
current with a multimeter for a short period of time to see what its behaviour was. Regula-
tors protect themselves against high temperatures by limiting the current they provide, so
knowing the amperage they can provide for longer periods of time is important, because
if not tested, there is no guarantee that when time passes and the regulators get too hot,
the current decreases, with the possibility of a system failure. The tests were performed
indoors and outdoors where the outdoors conditions were of slight wind and 28 °C. So
the purpose of the tests is to find out the maximum current the regulators are able to pro-
vide continuously. For this purpose different loads are connected to the regulator. The
value of these loads has no particular meaning, they were the ones that were available to
use. The results are presented in tables depicting the used load, the theoretical current
and the measured current. The measured current is the one the regulator was providing
continuously.
The results are not to be taken as exact solutions, only as approximations. The used
multimeter is 15 years old and has never been calibrated since its purchase, what this
means is that the manufacturer does not guarantee that the measurements are correct
within a certain range. However, a series of tests that consisted in measuring known
voltages and amperages indicated that the measurements were accurate enough.
Indoor tests
Table 4.1 summarizes the indoor tests:
Load [Ω] Theoretical current Measured current
4 1.25 A 750 mA
3 1.6 A 750 mA
Table 4.1: Indoor tests
The results from these indoor tests were clear. The regulator was not capable to provide
enough power for the system it was designed for.
Outdoor tests
Table 4.2 summarizes the results.
From all the tests, the results show that the regulator is capable of providing 1.5 A contin-
uously but only under the described conditions.
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Load [Ω] Theoretical current Measured current
4 1.25 A 1.2 A
3 1.6 A 1.5 A
2 2.5 A 1 A
Table 4.2: Outdoor tests
This result does not explicitly mean that the designed regulator is not up for the job, it
has been demonstrated that it can deliver 2 A, just not in the tested conditions. But when
operating in the airplane, the regulator will be in totally different conditions.
Final test
This final test tried to simulate the environment conditions the regulator would placed on
during flight. It simply consisted in blowing air into it with the airplane’s motor. Table 4.3
shows the result
Load [Ω] Theoretical current Measured current
2 2.5 A 2.1 A
Table 4.3: Regulator test blowing air into it
The result from this final test is definitive, the regulator will be able to provide the necessary
power during flight because the heat dissipation is helped significantly by the impact of the
air’s relative velocity.
However, a solution needs to be found when operating on the ground. In no wind con-
ditions and in hot temperatures the regulator will not provide enough current, and system
components will likely fail. This has happened over the field tests where problems occurred
with the Raspberry Pi and its peripherals, some of the problems were caused by this fact
and others by the 1 A limited current that the pi can handle, the latter problem is solved in
the newer model B+ where the current is limited to 2 A.
The first problem can be solved by adding a larger heat sink and if not enough, using a fan
to blow air into it only in the ground procedures.
Another important consideration is the drop in voltage at the regulator’s output when high
current is being delivered. A drop of 0.13 V was measured with a current of around 2
A. This results in a supply voltage of 4.87 V, but according to reference [33] it states that
the minimum considered voltage that the Raspberry Pi can work with is 4.75 V, so this
behaviour should not cause any inconveniences for the proper operation of the system.

CHAPTER 5. APM CONFIGURATION
In this section, a detailed description about how the APM is connected to the rest of the
hardware and how it has been configured is presented. Some steps will not be explained
here and instead they will be referred to its documentation where it is described in more
detail.
5.1. Step 1: Loading firmware
The firmware is the code that controls the autopilot and all its functions. This code is
created and maintained by the DIY Drones community and it’s updated constantly. Keeping
the APM up to date is important because some issues are solved in newer versions of the
firmware. The update process is completed with the ground control software that provides
the necessary tools to do so easily.
Reference [35] includes a detailed description referring to the firmware update . The expla-
nation in the APM documentation refers to Mission Planner as the ground control software,
but the process can also be done in a similar manner with QGroundControl and APM Plan-
ner.
Once the firmware is loaded into the APM, the hardware setup can be started.
5.2. Step 2: Setup
The setup will be similar to that of a common RC plane, as stated in the documentation
webpage [36], “Turning a RC plane into a UAV is essentially just a matter of putting an
autopilot between the RC receiver and the aircraft’s servos, so that the autopilot can take
over control”.
Before describing how everything is connected, an overview regarding the board and its
connections is shown.
Figure 5.1 shows a picture of the APM board from above, this figure shows that the board
connections are divided in three sets of pins. On the left there is one labelled OUTPUTS,
on the right, INPUTS, and at the top there is a set that is not labelled.
• The pins on the left, as the label suggests, are the outputs, these pins are intended
for servo and motor control.
• The pins at the right are the inputs, these receive the signal from the RC receiver.
These signals can be used to change the flight mode or to control the airplane
manually.
• The pins at the top are general purpose input output pins (GPIO). They can be used
to receive data from other sensors such as sonar or airspeed.
• The telemetry connector placed on the left of the GPIO pins is used to connect the
3DR radios for telemetry purposes.
• The APM Power Module is connected to the PM connector.
49
50 Design and construction of an UAV for plague-control purposes
• The GPS uses two connectors, the ones labelled GPS and I2C.
• The pins labelled JP1, for Jumper 1, are used to connect the power rails from the
outputs to the inputs/GPIO. This is explained in more detail in [37]
Figure 5.1: APM 2.6 board
As stated in section 4, the APM Power Module is designed to power the board, an RC
Receiver, the GPS and the telemetry radio only. So the servos, need to be powered by
other means. JP1 will not be used, this means that the power rail of the OUTPUTS pins
is not connected to the power rail of the INPUTS pins, so that no power from the Power
Module can be used for the servos.
5.2.1. INPUTS
The input pins receive control signal from an RC receiver. These signals are referred as
channels and each channel gets its name from the pin number they originate from. So
the pins in the inputs are also called Channel 1 through 8 as the number next to them
depict. The receiver has a similar layout, it has as many pins as channels it has, with some
extra ones that are not intended for control purposes. Each channel is used to control one
aspect of the airplane, such as the ailerons. APM uses the following layout:
• Channel 1: Roll/Aileron
• Channel 2: Pitch/Elevator
• Channel 3: Throttle
• Channel 4: Yaw/Rudder
• Channel 5: AUX1 (optional)
• Channel 6: AUX2 (optional)
• Channel 7: AUX3 (optional)
• Channel 8: AUX4 (Mode switch)
This means that the channel that controls the ailerons from the receiver should be con-
nected to the corresponding channel in the APM. Note that channels do not have to coin-
cide in both the receiver and the APM, because the user is not bound to control the plane
in only one layout (mode). Furthermore, the above layout can be changed by adequately
configuring the APM.
The receiver used is a HK-T6Av2, which has 6 channels that, in the configuration used in
this project, are mapped as follows:
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• Channel 1: Roll/Aileron
• Channel 2: Throttle
• Channel 3: Pitch/Elevator
• Channel 4: Yaw/Rudder
• Channel 5: AUX1 (optional)
• Channel 6: AUX2 (optional)
This receiver has the common 4 channels that are mapped to the two sticks and are used
to control the ailerons, elevator rudder and throttle, and has two extra channels mapped to
two knobs. Channel 5 has been chosen to be the one to switch flight modes. Figure 5.2
shows the connections between the APM and the receiver.
The receiver is powered through the power rails of the APM. When one channel of the re-
ceiver is connected to one channel of the APM, the power rail of the APM is also connected
to that of the receiver, thus powering it.
5.2.2. OUTPUTS
The output channels are used for control purposes. The channels are the same as the
input channels with the difference that channel 5 is also used to control the ailerons, this is
due to the fact that the Skywalker uses two servos to control the ailerons instead of one,
which is explained in section 5.3.
The connections are made as follows
• Left aileron servo→ Channel1
• Elevator servo→ Channel 2
• ESC→ Channel 3
• Rudder servo→ Channel 4
• Right aileron servo→ Channel 5
As previously explained, the APM cannot power the servos, which is why JP1 is not placed.
Instead, they are powered through the ESC. The ESC has a regulator called BEC (Battery
Eliminator Circuit), which is connected to the APM power rails.
5.2.3. PERIPHERALS
The rest of the hardware, the telemetry radio, the GPS/Compass Module and the Power
Module are connected to their corresponding connectors labelled in the board’s case.
A schematic of all the connections regarding the autopilot can be seen in figure 5.2
This schematic is based upon the work of Swift from the DIYDrones community [38]. The
source can be found in the thread in [39].
5.2.4. APM PLACEMENT
The APM needs to be placed inside the plane but its location it is not very relevant, but
what truly is important is that the FORWARD arrow that is drawn on the case must be
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Figure 5.2: APM 2.6 peripheral connections
facing forwards, and the board must be right side up, with the printed letters at the top.
The GPS/COMPASS module must be mounted with the square antenna facing up. The
drawn arrow at the case must be facing forward, if placed in another orientation, it needs
to be properly configured through the ground control software. It is important that the GPS
is mounted somewhere far from interference sources, such as telemetry radios, and motor
as well as from metals since they can interfere with the magnetometer.
5.3. Step 3: Configuring the APM
The APM is configured using a series of parameters. These parameters control the au-
topilot’s behaviour. A list of all the parameters is described at the official wiki [40].
The parameters define the flight controller, i.e. they define the PIDs that control the roll,
yaw, and pitch. It is very important to configure these parameters correctly because it can
mean the difference between a successful flight and a crash.
The tuning of the PID parameters must be performed in flight to test the airplane’s be-
haviour. Setting the PID parameters for the first time is a little random, because there is no
way to determine how it will behave without testing it. But thanks to the large DIYDrones
community, there are configuration files available for standard airframes.
Configurations files are files that contain all the parameters and its values. These files
can be used to save a backup of the current parameters on the board, or to upload a new
set. Thanks to the APM’s large user community, there are configuration files available for
standard airframes, such as the Skywalker airframe.
This configuration files are available for download from the official webpage at [41]. Note
that these configuration files provide approximate values only. Because the correct settings
for each airplane depend on several factors more than just the base airframe.
To configure the chosen airframe, the file in the wiki was not used since it was created
for the 1680 mm wingspan version of the Skywalker whereas the chosen one is the 1900
mm version. Instead, a configuration file from yet another DYDrones user called Ryan was
downloaded as it was created for the 1900 mm wingspan platform. [42]
Once the configuration file is loaded, the next step is to complete the pre-first flight config-
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uration. This first time APM setup is documented in [43]. The first step to complete this
first setup process is the radio calibration. Radio calibration is important to let the APM de-
termine the complete movement range of the transmitter controls. Note that this procedure
is only performed once, since the APM saves the results in its memory.
Once the radio calibration has been performed, the next step is to configure the flight
modes: Flight modes are changed by using the correctly configured transmitter’s channel,
which in this case is mapped to the top right knob that can be seen in figure 5.3. For a
complete list of available flight modes and their description see [44].
Figure 5.3: HK-T6Av2 RC transmitter
Flight modes are selected between ranges of the channel, that is, if the signal ranges from
one defined value to another, then a defined flight mode will be selected. Figure 5.4 helps
understanding this concept in a visual manner, which is the same way as the configuration
page is presented in Mission Planner.
Figure 5.4: Mode configuration window in Mission Planner [43]
The next step is to configure the hardware.
5.3.1. Aileron configuration
The aileron configuration needs a subsection of its own because of the use of two different
servos. This results in having to configure the APM so that it moves the two instead of one.
In some airframe configurations, one servo is used to move both ailerons, when one goes
up, the other is pushed down by a simple mechanism like the one shown in figure 5.5
54 Design and construction of an UAV for plague-control purposes
Figure 5.5: One servo configuration to move the ailerons [45]
In the figure 5.5 it can clearly be seen that both ailerons are mechanically connected to
one servo, when this servo turns it pushes one aileron and it pulls the other achieving
the desired movement. However, some airframes are designed to use one servo for each
aileron, so the above solution is not valid.
The Skywalker uses two servos for the ailerons, this means that each servo needs its own
control signal. This can be achieved by two different methods documented in the Multiple
Ailerons section of the APM documentation [46]. These are detailed as follows:
1. The first method is used if the transmitter can be setup to control the second aileron,
if it can, then the transmitter will output an aileron signal from the aileron channel
and a second signal to control the other aileron from one of the additional channels.
So the APM will receive two input signals. To achieve this functionality the trans-
mitter will normally need to be programmed either by software on a computer or in
the transmitter itself. This method is preferred over the second (which will now be
explained) because it gives easier trimming control for each aileron.
2. The second method is used when the transmitter can not output two signals for the
ailerons, when there are no available channels left to use or if the transmitter can
not be easily setup to control both ailerons. The transmitter outputs only one signal
from the aileron channel, the APM receives it and it creates a second signal which it
outputs from a channel of choice (normally channel 5, but it can also use channel 6
and 7) to control the second aileron.
The available transmitter for this project is the HK-T6A from Hobbyking and it has 6 chan-
nels, four are used for the main controls (throttle, aileron, rudder, elevator) and another one
is used to change the mode in which the autopilot flies. There is one channel left (at the
moment), however this transmitter cannot be setup to control two servos for the aileron, so
the second method will be used.
5.3.1.1. Setup
The setup is very straightforward for both methods, only three parameters need to be
modified and the system will be ready:
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• RC5 FUNCTION: This parameter controls the function of the channel 5 output (re-
place by 6 or 7 if channel 6 or 7 are used). It must be set to 18 (AileronWithInput)
for the first method and to 4 (Aileron) for the second method.
• RC5 MIN and RC5 MAX: These two parameters must be set so that the aileron
on channel 5 moves the same angle as the primary aileron. There isn’t a single
solution for these two values, each airframe will have their own, which must be set
by comparing the movement with the primary ailerons so that they are the same, or
as close as possible.
• RC5 TRIM: This parameter sets the central position of the second aileron.
These parameters, for the Skywalker airframe have been set with the following values:
• RC5 FUNCTION: 4
• RC5 MIN: 1040
• RC5 MAX: 1970
• RC5 TRIM: 1490
Note that the values except for the RC5 FUNCTION may be different even for the same
airframe because no Aeroplane model is build in exactly the same way.
5.3.1.2. Additional uses
This configuration that uses two servos allows for additional functionality that otherwise
would not be possible. Both servos can be moved independently from each other, meaning
that flaperons can be used. Flaperons are a mix of flaps and ailerons, that is, the ailerons
do not have to move the same degrees in opposite directions, but can both move down
and act as flaps and at the same time act as ailerons too by moving differentially.
Flaperons can be set by modifying the RC5 FUNCTION to flaperon2 and the function of
the channel where the primary aileron is connected to flaperon1, then the flap function
must be set to a channel from the transmitter, as explained before, the used transmitter
has one channel that is not used and could be available for this function.
5.4. Step 4: Hardware configuration
5.4.1. APM External Hardware
The hardware that the APM uses must be first configured via the ground control software,
i.e. the GPS/Compass module, the APM Power Module and the 3DR radio must be con-
figured. Note that there is extra hardware available to be used with this autopilot, however
since this project uses only just the mentioned ones, the others will be ignored and not
explained. Configuring the hardware using Mission Planner is very straightforward, on the
INITIAL SETUP tab there is a section for each hardware element.
56 Design and construction of an UAV for plague-control purposes
• APM Power Module: Both current and voltage sensing have to be enabled and
calibrated. The procedure is described in the Power Module section of the official
documentation at [47].
• GPS/Compass Module: The compass needs to be enabled by checking a box at the
corresponding section in Mission Planner. There is also an option to automatically
determine the magnetic declination, this feature is really useful, so in this project this
option is also checked. For a more detailed explanation see [48]. No calibration is
needed for this hardware. The firmware figures out all the offsets and declination by
comparing the compass readings with the GPS and IMU readings over time in flight.
Nevertheless, manual calibration is also possible if required.
• 3DR Radio: The 3DR Radio also needs to be configured. It has multiple parameters
that can be tweaked to fit the project’s objectives and to comply with local regula-
tions. The radios can be configured with Mission Planner or by using an external
tool called 3DRadioConfiguration which, as Mission Planner, is also programmed by
Michael Oborne and is available for download at the webpage.
For the purpose of this project, the power used by the radios can be brought to
the minimum because they are used to communicate between the APM and the
Raspberry Pi, which are two components of the system that are placed very close
of one another.
Since range is not an issue, the air data rate can be set to the maximum available,
which is 250 kbps. The baud rate is set to 57600.
Figure 5.6 shows a screenshot of the configuration of one of the radios. The other
radio is configured with exactly the same parameters.
Figure 5.6: Mode configuration window in Mission Planner
From figure 5.6 the parameters have been set as follows
– Baud rate: 57 600
– Air speed: 2 500 kbps
– Transmission power: 1.3 mW
– Minimum frequency: 433 050 kHz
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– Maxium frequency: 434 790 kHz
For more information about how to configure the radios see [49].
5.4.2. Servo control
The function of the servos is to move in the right direction so that the control surfaces move
accordingly. Since every aircraft is different, when the building process is finished and all
the equipment is placed on board, it is necessary to configure the RC equipment about
which way the servos have to turn and how that servo moves the control surfaces.
If properly connected, all the servos will move when an input is given either by the trans-
mitter or the autopilot. However, they may not move in the right direction. The process to
solve this issue involves reversing the servo channels. The procedure can be done with
the Mission Planner as well:
For each channel there is a parameter called RCX REV where X is the channel’s number.
If this parameter is set to 1, the servo moves in one direction and it can be reversed if set
to -1.
In this project, channel reversing hat to be performed and these are the values of the
RCX REV parameters that resulted:
• RC1 REV: Reversed
• RC2 REV: Reversed
• RC3 REV: Non-reversed
• RC4 REV: Reversed
• RC5 REV: Reversed
5.4.3. Failsafe function
ArduPlane has a failsafe function. This function is designed to perform three actions:
1. Detect loss of transmitter signal.
2. Detect loss of telemetry
3. Detect loss of GPS lock
Whenever one of these circumstances takes place, the APM can be programmed to per-
form an RTL to return home or switch into Dead Reckoning in case of GPS loss. This
function is extremely important, because if the airplane is being flown manually and for
whatever reason it flies beyond transmitter range and loses it, if no such a function existed,
the user would have to run to the GCS to switch into AUTO mode to made it turn back or
the airplane would be lost, considering there was a telemetry link.
In this subsection, the setup for this project is described. For more information about the
failsafe modes, see [50]. The failsafe function is configured using the ArduPlane parame-
ters.
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5.4.3.1. Throttle failsafe
Throttle failsafe detects loss of transmitter signal. It is called throttle failsafe because when
the signal is lost, the receiver drops the throttle signal below the minimum that can be
achieved when there is signal and the throttle is set to idle. This drop in the throttle channel
is detected by the APM and allows it to enter into failsafe mode.
Two actions can be executed when a failsafe is triggered:
• The first one, is called Short Failsafe, and takes place after the failsafe condition has
persisted for a certain amount of time configured in the FS SHORT TIMEOUT pa-
rameter (default value is 1.5 seconds). After the time indicated in FS SHORT TIMEOUT
has passed, the APM will execute the Short Failsafe action that is configured with
the FS SHORT ACTN parameter.
• The second one, is the Long Failsafe action, it is similar to the first one but the time
that has to pass before is executed is defined by the FS LONG TIMEOUT parameter
(default is 20 seconds). The action performed by the Long Failsafe is defined in the
FS LONG ACTN.
FS SHORT ACTN can be configured to have three different behaviours, which depend on
the current mode the plane is flying:
• Continue with the mission.
• Enter into circle mode and then execute an RTL
• Enter in FBWA mode and cut off the throttle and glide until the plane smoothly hits
the ground.
In stabilization mode, no matter what the configuration is, the APM will always perform the
second instruction sequence, that is, enter into circle mode and then return home
In AUTO, GUIDED or LOITTER modes, any of the three modes can be configured.
The FS LONG ACTN has the same behaviours, but they are executed after a long failsafe
timeout. If FS SHORT ACTN is set to CIRCLE/RTL, the long failsafe action will execute
an RTL regardless of the FS LONG ACTN setting.
The throttle failsafe is enabled or disabled with the THR FAILSAFE parameter.
Throttle failsafe is a function that is worth being enabled since it provides a safety mea-
sure that ensures the return of the plane in case manual control is lost. However, while
flying a mission in AUTO mode, the plane will have to fly beyond transmitter range, when
this happens it is not desired that the plane cancels the mission and returns. So, in this
project, the desired behaviour is that when transmitter signal is lost in AUTO, the plane
should continue with the mission. This is achieved by setting the FS SHORT ACTN and
FS LONG ACTN parameters to 0, indicating to the autopilot that it has to continue flying
the mission if transmitter signal is lost.
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5.4.3.2. GCS Failsafe
This failsafe is triggered when the autopilot detects the loss of telemetry. If it keeps lost
for 20 seconds, the APM will enter into failsafe mode if enabled and will trigger an RTL.
The parameter that enables/disables this function is called FS GCS ENABL, if it is 0, GCS
failsafe will be disabled, and if 1, enabled.
5.4.3.3. Advanced Failsafe (AFS)
The just mentioned failsafe operations are based on an RTL execution, that is, the plane
returns home when telemetry or RC control is lost. However, APM:Plane has the ability to
perform more complex operations which can be triggered by more events.
AFS options are mission based, this means that everything that can be scripted as an
APM:Plane mission, can be made to happen in failsafe events. This means that in a
failsafe event, the autopilot can execute an entire different mission from the one it was
flying, it can even perform a landing. If the failsafe event stops, then the plane will switch
back to the mission it was previously flying to keep on with it.
The AFS can also perform a ”flight termination” which, as the name suggests, can termi-
nate the flight when a certain event occurs. This is particularly useful in situations where
it is preferable to crash the plane rapidly into the ground where nobody is likely to get hurt
than into an urban area or crowd.
The events that can trigger an AFS are the following:
• Geofence breach [51]
• Maximum pressure altitude breach
• GPS loss
• Ground station communications loss
• Barometer failure
In this project no AFS operations have been used because the basic failsafe functionality
was considered to be enough for the performed tests. However, this advanced failsafe
operations can become very useful or even imperative in some missions. It is important
to know that this functionality exists within APM:Plane in case it is needed in future mis-
sions. For more information about the Advanced Failsafe and how to configure it, see its
documentation page at the wiki [52].

CHAPTER 6. ADVANCED FUNCTIONS
To begin with this section, it is necessary to define what an advanced function is within
this project: The consideration is that a so-called advanced functionality is whatever action
or task that the system has to carry out and that can’t be achieved by the APM module.
These functions, then, will rely on the more powerful Raspberry Pi board. This board can
be defined as a low-cost, low-weight and low-size computer with the capability to run a
complete Linux distribution. For more information about this board, consult appendix C.
The Raspberry Pi will be in charge of five main tasks:
1. Transmit the airplane’s telemetry messages.
2. Receive and transmit orders and instructions to the APM board.
3. Stream a first person view low-latency video.
4. Receive and store information fetched from ground sensors.
5. Control the actuation techniques required for when a mosquito nest is detected.
The autopilot is already busy controlling and navigating the aircraft and its hardware is not
capable of carrying out these advanced tasks, this is why a Raspberry Pi board is used.
6.1. Raspberry Pi as a long-range two-way telemetry server
This is the most important task that the Raspberry Pi has to carry out, because the range
of the aircraft is directly depending on its reliability. The idea is simple, any user has to be
able to control the airplane from anywhere.
But, this “anywhere control” is either impossible or extremely expensive, so the “anywhere”
was changed by an “anywhere with a 3G connection”. This requirement reduction, as can
be seen in the figure 6.1, implies no coverage problem at all considering the region where
the aircraft will fly on.
The techniques used to establish the two-way communication between the ground station
and the autopilot are explained in detail:
First of all, the analysis about how the telemetry is transmitted with the APM 2.6 when it
is connected via USB or via the 3DR 433 MHz radio system is needed. This connection
is achieved by using a rather standard protocol used to communicate MAVs with their
corresponding ground stations called MAVLink.
MAVLink is a lightweight, header-only (it does not require a compilation in the Ground
Station) message marshaling library for micro aerial vehicles [53]. It is able to construct
C-based structures with the information read from serial channels and send these packets
to the ground control station. It is used in a wide number of autopilots such as: PX4FMU,
Pixhawk, APM or Parrot AR.
For more information related with the MAVLink protocol take a look at [53].
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Figure 6.1: Catalunya’s 3g coverage map
Furthermore, the possibilities that the used hardware offers have to be studied, the APM
board can be connected to the computer while it is on the plane via the 3DR Radios
telemetry set, but as has been explained in the APM board section the range is limited to
less than one kilometre considering there is line of sight.
To fill the gap in the monitoring where there is no telemetry, (distances further than 1 km)
the Raspberry Pi is going to be used to stream the data received from the autopilot. The
communication between these two systems can be achieved by the following two methods:
1. Using a connection between the UART ports of the APM board and Raspberry Pi.
2. Using a direct USB connection
The data is processed in a similar way because both are serial connections, i.e. any data
is sent bit by bit through the port. [54]
Considering that the required microUSB to USB cable was already included with the APM
2.6 set, and according to the KISS principle, which states that most systems work best if
they are kept simple rather than made complicated, the initially selected option was the
direct USB connection.
The direct USB option may be the simplest one, but it has a clear drawback: According to
the APM board documentation, it is highly recommended not to connect, at the same time,
both the battery and the USB cable to the board because the chipset could be damaged.
To overcome this limitation, a customized USB cable was created by cutting the +5V inner
wire and also by connecting both the APM and Raspberry Pi ground connections to ensure
that the reference level seen by both systems is the same. With this actions, the board
remains only powered by its own power module connected to the main battery but also is
connected to the Raspberry Pi.
For the final version of the project, this solution was abandoned due to a remarkable issue:
Every time the telemetry was disconnected and re-connected, the autopilot re-initialized.
This behaviour caused the plane to become an uncontrolled, dead-weight in the air which
has caused several incidents (see section 7.7.). For this reason, this option was changed
by another alternative, which is connecting the autopilot and the Raspberry Pi through the
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433 MHz telemetry set. As will be explained in section 7.7. the best option is the first one
of the two presented options, however, the 3DR radios are used for lack of time.
The wireless telemetry set is intended to be used for larger distances than the actual
separation between the Raspberry Pi and the APM board, but it can be used for closer
distances as well, thus the final version of the system is connected by using this technique
which doesn’t show the anomalous behaviour.
Once both components are connected and powered on, the ground station has to be able
to receive the data from the APM board, and send it to the internet via the Raspberry
Pi. Solving this, and several other difficulties could be really complicated in case another
system had been chosen, but being the RaspBerry Pi a board capable to run a Linux-based
distribution, most of the Linux-based applications can be used, and therefore a complex
problem becomes much simpler.
In this case, the Raspberry Pi had to read the data coming from the USB connection
codified with the MAVLink Protocol and act as a repeater to share this information to the
internet, while also keep receiving the information with the user instructions or autopilot
parameters to send them straight to the autopilot. The system works much like a router, it
forwards the packets from the APM to the GCS and vice versa. A program to achieve this
task, thanks to the open-source community that feeds Linux, is already programmed and
it is fully functional on the Raspberry Pi. The program capable of carrying out this task is
called ser2net. The functionality of this program is as simple as useful, it provides a proxy
that allows telnet/TCP connections to be forwarded to serial ports on any machine.
The process to setup ser2net to act as intended is defined as follows:
First of all, install the program on the Raspberry Pi by executing:
sudo apt-get install ser2net
Once the process finishes ser2net will be installed. The next step to perform consists on
determining in which of the multiple ports is the APM telemetry receiver connected to. For
that purpose, a built-in command can be used:
dmesg | grep tty
Which shows a list containing all the connected devices including the USB telemetry radio.
The radio can be listed as ttyUSB0, ttyUSB1 or similar. After finding the correct device,
the ser2net configuration file must be edited in order to establish the communication with
the autopilot, the default file is created to transmit the information (any free port can be
used) through the telnet protocol and with a rather low baud rate.
But, in order to be able to work with the MAVLink protocol both, the telnet setting and the
baud rate have to be modified:
• The chosen baud rate to work with the ground station is 57 600 bauds (or symbols
per second).
• The telnet protocol is not valid as well, because the telnet protocol handles all the
data coming from/to the serial port, i.e. even the control lines are retransmitted. In
contrast the rawTCP protocol simply encapsulates the information to transmit it to or
from the serial port. In this case, because only the data of the stream is required,
the rawTCP protocol is the one that needs to be used.[55]
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Finally the banner can be edited as well. The banner is the message that is shown to the
client whenever it connects to the server. The final edited configuration line is defined as:
2001:raw:600:/dev/ttyUSB0:115200 NONE 8DATABITS -RTSCTS banner
Where ttyUSB0 is the telemetry radio as called by the Raspberry Pi which is found with
the dmesg command.
And finally, the remaining step is to connect to the APM board by using the Ground Con-
trol Station and the TCP option, selecting the Raspberry Pi’s public IP address and the
corresponding port (2001).
With this final step, the ground control station is ready to receive the telemetry and send
instructions to the autopilot wherever the vehicle is (assuming there is mobile internet
connectivity and the GCS has an internet connection as well).
With the telemetry working, the next section is focused on the video transmission.
6.2. Video transmission via raspberry pi through a 3g con-
nection
The possibility to receive live video from onboard the vehicle is not new for the UAV/Radio
Control users, in fact, introducing into Google the terms “UAV FPV” shows up nearly a
1 500 000 results, therefore, what this project is trying to achieve is not exactly newfangled.
But, most of the users that achieve this goal use a video transmitter/receiver set. These
sets are expensive, heavy, with a rather limited range and offer a low image quality as
main drawbacks and a low-delay signal as their greatest advantage. Hence, they are not
exactly perfect for the job. There is even another important problem of these systems, the
frequency incompatibility with the spectrum division depending on the country in which the
plane is flying. This fact could cause signal loss due to interferences, and may also be
illegal.
Therefore, the video transmitter/receiver is a valid solution, but it has important drawbacks
that discarded it in front of another alternative. The answer took the form of a Raspberry Pi.
As has explained previously, this board is a fully functional computer, therefore a webcam
can be directly connected to the board to start streaming video through the internet.
As the transmitter/receiver system, this solution has its drawbacks and advantages. The
main advantages are a low cost, low weight and fully legal system. While the main draw-
back could be the latency of the signal which will depend on the processing capacity of the
Raspberry Pi and mainly on the delay associated with the 3G band. But its advantages
outweighs it drawbacks mainly for the low cost of the system
There is a list of the compatible cameras with the Raspberry Pi which can be found at [56].
After analyzing the list by studying several parameters such as the cost, the resolution,
the consumption, the price or the image quality, the Raspberry Pi’s Camera module (see
figure 6.2) was selected. This module was already designed and created to be used only
on the Raspberry Pi. It is connected to the CSI port keeping the USB ports free for other
purposes, it also is very light and is capable of recording a 30 FPS FullHD (1080p) video.
[57]
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Figure 6.2: Raspbery Pi camera module picture [57]
There are two possible versions of the camera, the one chosen was the NoIR, i.e. it doesn’t
include an infra-red light filter. Thus the images look at bit odd to human eyes (see figure
6.3). But the main advantage of this camera is that it permits night-vision videos when an
area is illuminated with infra-red light, which is invisible for humans.
(a) Tree image captured with a normal camera (b) Tree image captured with the NoIR camera mod-
ule
Figure 6.3: Normal-camera taken picture compared to a NoIR-camera picture
Hence, considering all the pros and cons of the camera, the Camera Module was chosen
and the results were very satisfactory considering the quality was more than enough to
prove the concept this project was trying to achieve.
The camera is simply connected to the CGI port and then by executing:
raspistill -v -o image.jpg
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An image can be captured and stored into the Raspberry Pi’s SD card, or USB memory.
As for capturing video:
raspivid -t 0 -o video.h264
See [58] for documentation on the Camera Module bash commands.
As can be noticed, it’s really simple to capture a video or image, but this could also be done
with any other camera but the special feature of this setup is that this commands can be
executed wherever the user is, therefore the video can be captured whenever the situation
requires it. Finally, achieving a video stream from the Raspberry Pi could look like an
arduous task, but again thanks to the board, it is not. There is an open source multimedia
framework created to work on Linux-based distributions that can build up the video stream
received from the camera and send it to the internet by using the TCP protocol, it is called
gstreamer and has full compatibility with the Raspberry Pi. Thus, the process of streaming
video is simply achieved by installing and executing the appropriate program. To start the
video stream, the following code line is used:
sudo raspivid {n -t 3600000 {o - | tee FILENAME.h264 | gst-launch-1.0
{v fdsrc ! h264parse ! rtph264pay config-interval = 1 pt=96 ! gdpay
! tcpserversink = RaspberryPi.IP port = ChosenPort &
Although this command could look like something complex, it is simple to understand. The
first part of the command prior to the first “|” sign is simply the same command to start the
video recording as it was before, by default it records a 30 fps 1080p video. The -t option
is used to define the recording time, which in this case is 1 hour (3 600 000 ms).
The tee command is used to save the file into the Raspberry Pi memory as it is streamed
through the internet.
The second part of the command, i.e. after the second “|” sign, is in charge of the video
stream, it is a bit more complex than the other one, therefore the most important parts are
explained step by step.
The gst-launch-1.0 starts the program, fdsrc reads the data from the video stream,
h264parse codifies the video by using the h264 codec. rtph264pay is used to transmit
the already parsed h264 video stream using RTP with a low delay.
Finally the last terms simply stand for the Raspberry Pi’s IP Address and the chosen port
in which the video is going to be retransmitted.
With these steps, and in case the chosen port is open, any user could be able to watch the
live-stream with low latency in his Linux-based operating system by installing gstreamer
and running:
gst-launch-0.10 -v tcpclientsrc host=RaspberryPi.IP* port=ChosenPort
! gdpdepay ! rtph264depay ! ffdec_h264 ! autovideosink sync=false
Just a few comments on this command, in this case, the host term differs significantly
form the tcpserversink for the transmitter command, because the IP in the Raspberry
Pi is the private address that the router assigns to the board when it is connected, and it
usually looks like 192.168.1.XX where XX changes depending on the router’s connected
users. But the IP address introduced in the computer that is set to receive the stream is
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the public address of the router to which the Raspberry Pi is connected to, this address
can change each time the board connects to the router, but it can be found by typing in
Google “what is my ip” from any device connected to the Pi’s router.
Moreover, once the correct IP has been written, the computer will try to access to the
Raspberry Pi router through the chosen port, then, the router will redirect this incoming
traffic to the Raspberry Pi’s private IP address where the video transmission has its source.
The next required step to setup within the video transmission field is the selection of a
proper resolution in order to keep both, the Raspberry resources and the latency as low
as possible. After several tests, it was decided to use a 640x320 resolution with 24 frames
per second (fps), basing this choice in the fact that the overall quality was good enough
and that most of the Raspberry Pi resources were kept still available.
But there is still a problem, maybe the resources are kept available with a 640x320 pixels
resolution, but the internet connection is also a limiting factor, since the same connection
is used to upload the ground sensor’s information to a database, to control the mosquito-
agent discharge system, and more importantly, to receive the telemetry and send instruc-
tions to the plane. Thus, the usage of the network dedicated to the video transmission has
to be kept as low as possible. This is the cause that the final used resolution is 240x120
pixels at 15 fps. Even though these values may seem faint, they provide an acceptable
resolution for the purpose it is intended to be achieved.
6.3. Ground sensors connectivity and data acquisition
and storage
One of the first requirements that this project was told to accomplish was the possibility
of being able to connect to ground stations or sensors in order to gather their information
and present it real-time to the system’s operator. For this purpose the Arduino platform is
used. The choice of this system is based on the fact that there are thousands of compat-
ible devices, because it has a vast community of developers and users, and because the
members of this project have already worked extensively with it on several occasions.
The Arduino systems are capable of receiving an analog signal, convert it to a digital
value, process this value, and deliver the information ready to be read by the user, but they
are not capable to communicate wirelessly among each other’s by themselves. Thereby,
another device is required. This extra device or system has to be capable of transmitting
the information to distances up to 100 metres and also has to be fully compatible with
Arduino. And there are just a few devices that accomplish these specifications.
The defined standard for these types of communications (LR-WPANs ) is defined by the
IEEE and it is called IEEE 802.15.4 (or ZigBee). This protocol permits data rates ranging
from 20 to 250 kbps, which is completely valid for this a data transmission application
like the one presented, the system is equipped with power management to reduce the
battery usage, and it is based on the 2.4 GHz ISM band [59]. Hence, it uses the same
frequency as Home Internet Wireless Networks (Wi-Fi) and the radio transmitter/controller.
This commonality, although it is not supposed to cause any interferences, because the
protocols are designed to work jointly, may cause several problems (see section 7.7.) if no
safety measures are taken.
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The other frequency alternatives are not convincing, the next ISM band legal for Europe
is 5.8 GHz [60], but this band is also used for Wi-Fi, and has less coverage for a non-line
of sight communication. As for the lower band, the next legal lower band where data links
can be found is the 433 MHz one, which is the same at which the telemetry set works, then
it is not a valid alternative. [61] Thus, the only possible band to work with is the 2.4 GHz
one by using the previously commented 802.15.4 protocol.
The best system to work with considering the range, the Arduino compatibility and the
ease of use is Digi’s XBee system. This system includes an integrated microprocessor
within each module, coverage of up to 1 mile and low consumption figures with less than
50 mA while the module is communicating and less than 10 µA when the module remains
on standby. [62]
The modules received were already set up for the job, they were both configured and
connected to the Arduino, then the output of the system was adapted to a human readable
value and the data transmission and storage within the Raspberry Pi was set up.
Notice that, the architecture is similar to the connection with the APM 2.6, but in this case
there is the need to do both, stream and store the information. This process could be
achieved by using a web server, or more likely a database. The second option was the
one chosen i.e. a database is used to share and store the information received through
the USB port.
This option implied installing a SQL-database system for the Raspberry Pi such as MySQL.
But with the condition to avoid installing any heavy-weight system to keep the demand of
the remaining hardware resources as low as possible considering the amount of tasks the
Raspberry is already in charge of. Hence, while looking for a lightweight SQL server, a
library called gspread was found. Gspread is a Google Spreadsheet python API and it al-
lows to modify Google Spreadsheet documents and feed them directly with the information
received from a serial port.
The use of this library presents three remarkable benefits:
• The process of sharing and storing the information is achieved without using any
heavy-weight application, but just a Python code.
• The data can be stored directly on Google’s server with no extra memory require-
ment on the Pi.
• By being already on Google Docs, the inherent web-based functions, such a real-
time graphs (Figure 6.4), are also available.
If the reader wants extra information about the system, see the Python code located in
appendix G.3.3..
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Figure 6.4: Google Spreadsheet data storage system capture
6.4. Mosquito-agent discharge system
Finally, the last task that had to be accomplished by the Raspberry Pi is to be able to
discharge several grams of a counter mosquito agent product. For testing purposes flour
was used instead of the adequate product.
The notion that has to be achieved is to be able to actuate in the areas where the ground
sensors’ value leads the operator to ensure that the probability of the presence of mosquito
nests is high-rise. Therefore, the system has to be usable from the operator’s position
with a simple action in the precise moment. The implementation of the system should be
achieved by using the GPIO ports available on the Raspberry Pi to avoid any extra material
purchase.
The task of actuating on the system is performed by using an 8 g micro servo. The Rasp-
berry Pi is capable of controlling several devices by using its GPIO ports. But servos
require, in addition to power, a special modulation to work, this modulation is called PWM
or Pulse Width Modulation. This type of modulation can be generated by the Raspberry Pi
with a Python code that can be found in appendix G.3.2..
The servo used is a Turnigy 1800A which can be powered up with voltages ranging from 3
V to 6 V, consequently, it can be connected directly to the 5 V source pin on the Raspberry
Pi. The signal cable of the servo can be connected to any other port (with the exception of
the GND port) because each port’s function is configured by software.
The GPIO pin map for the Raspberry Pi model B (for the model B+, the pinout is exactly
the same but with extra pins) can be examined in figure 6.5.
To test out the feasibility of this system, the servo signal wire was connected to the port
7 of the board, and the other two wires were connected to the +5V pin and to GND. Then
by writing a Python code, a test to ensure that the Raspberry Pi was capable of moving
the servo was performed successfully. The code started the PWM for port 7 establishing
the duty cycle at 2.5 % for a 50 Hz frequency which returned the servo to its 0° position or
neutral position independently of the current servo angle.
But although the test was a success, a problem arose, the servo was never still, i.e. it
was constantly vibrating, changing its position a few tenths of degree and shaking. But,
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Figure 6.5: Raspberry Pi Model B Rev 02 GPIO pin map
this behavior can’t be labeled as a problem, because it is the inherent behavior of a servo
controlled with a microprocessor.
Generally, the components which are in charge of generating a PWM signal such as the
N555 are just dedicated to this task, and they use a variable oscillator to generate the
pulses which repeats the same frequency for as long as it is required and to change the
duty cycle or the frequency it is necessary to physically actuate on the system, this is called
a hardware implementation.
In contrast, the type of implementation used to control the servo is called software im-
plementation. With this implementation the duty cycle can be chosen and changed as
required by simply changing a variable on the code. But, the main drawback is that in this
case, the signal is generated by the microprocessor, which is running several processes
besides the PWM signal generation code, hence the processor can be interrupted by an-
other process when it is generating the PWM signal which will cause small perturbations
on the servo movement just like the ones the system was experiencing.
To that end, it is safe to conclude that the software implementation should be avoided for
applications that require a high degree of precision, but in the case that is being attended,
it is capable of behaving perfectly.
Then, the final capstone of this section is to create the methods to control the discharge
system. After the first flight test with the APM 2.6 and the Raspberry Pi, a system’s man-
aging difficulty arose, having in the same screen the Ground Station with the telemetry and
control of the plane, the onboard video stream and the spreadsheet with the data from the
ground sensors is rather troublesome. As a result, for this system, the most appropriate
method to deal with another control window is to display it in the mobile phone.
The mobile phone is an extra screen that everybody has, and carries everywhere. So it is
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just perfect for the purpose. But the problem is that not everybody has the same phone with
the same operating system, and the system should also be able to work with a computer
instead of a phone in case it is required. Thus, insofar, the system had to be scalable and
valid for several devices. This final fact, made the system tend towards a web-based one,
because a webpage can be accessed by any device with access to the internet and, as a
result, it is the perfect method to fulfill the requirements.
After choosing the methods, the next step consists on choosing the technology to achieve
this goal. There are several libraries designed to create a webserver with the Raspberry
Pi such as Apache or Berrywebserver, but acknowledging that the only purpose of this
webserver is to create a user-interface to control the GPIO ports, the best option is to opt
for a library dedicated to control these ports from a web-based interface, and this library is
called webiopi.
This library is capable of executing any Python script that controls any of the board’s GPIO
ports, it has a set of pre-created functions to control the connected devices and implements
a low-weight user interface to keep the Raspberry Pi resources almost unaltered.
The setup of the webserver, is achieved by defining two files, a Python script which is in
charge of choosing the pin mode (IN, OUT or PWM) and effectively moving the servo. And
the html script that generates the graphic interface and deals, handles and redirects the
user inputs, both files can be found in appendix G.3.1. and G.3.2..
The html code generates the button and the text and calls a macro created within the
Python script. This macro is the one that actually moves the servo to discharge the
counter-mosquito product.
By taking a closer look to the Python code, it can be seen that the chosen port to move
the servos is, in contrast to the previous test code, port 4. This fact is neither a mistake
nor a change of port, it is simply a matter of denominations, because by taking a look at
webiopi’s documentation, it can be found the custom GPIO port map used by the library
(see figure 6.6).
Another relevant element of the Python code is that the movement of the servo is achieved
through one of the previously remarked pre-defined functions, in this case the one used is
called:
GPIO.pulseAngle(4,90)
time.sleep(2)
Notice the addition of the subsequent line to the function, this pause on the execution of
the code is absolutely essential since the servo’s movement is not carried out at the speed
of light, therefore it demands some time to complete its rotation.
Finally, there is another important element in this code that is worth to be mentioned,
the pressed boolean. This boolean changes the behavior of the GPIO port that is being
used, it permits changing its configuration from input to PWM whenever the user presses
the discharge button, this action may seem irrelevant, but because of the implementation
chosen, it is absolutely necessary.
Keep in mind that it is a software implementation, and this implementation causes the
servo to suffer from micro-shakings (or jittering). Consequently, by keeping the port as a
PWM output continuously, the servo was also kept endlessly moving, which causes three
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Figure 6.6: WebIOPi custom GPIO pin map
adverse effects: It increases the battery discharge ratio, it reduces the lifespan of the servo
and finally, it could cause an erroneous discharge of the mosquito agent.
On account of these phenomena, the correct port has to be established as a PWM port
only whenever it is necessary, i.e. when a user input is received, while keeping the port as
an input port when the system is idle, solving the permanent servo jittering issues.
This section is the finishing lane of all the programmed advanced functions for the Rasp-
berry Pi, this inexpensive, small and simple board has talked by itself achieving every task
required, therefore it has proven to be the correct choice in front of the several alternatives
on the market (see C).
CHAPTER 7. FLIGHT TESTS
Every project must be tested thoroughly to be certain that it works. And this project is no
different. Several tests have been and must be performed in order to detect any kind of
error such as mechanical anomalies, failures, software bugs, how the flight performs, etc.
In this section the tests that have been executed along with its conclusions and solutions
to problems that arose are explained.
Flying any RC model in Spain is only permitted in certain areas that are especially des-
ignated for this purpose otherwise one would be sanctioned and prosecuted if something
were to happen. [63]
So the safest place to fly and RC model is in a RC club. There are plenty of RC clubs in
Catalunya, the Federacio´ Aeria Catalana has a map in which all the recognised clubs are
depicted. [64]
The chosen club to fly these tests is called Aeroclub Pla De Vent and it is located near
the village of Bra`fim (Tarragona). It has plenty of space with no trees and the road is
sufficiently far away as to not cause any inconvenience. It has a 200 metres runway, it
also has workbenches to prepare the models for the flight and there is electrical current
available to charge batteries or power a computer. They also have a meteorological station
that measures precipitation, temperature, wind speed, etc. and the current measurements
are available from their web page at [65] so that it is possible to know if there is too much
wind or if it’s raining before going there.
A great advantage in flying in a club is that there are usually experienced people that are
willing to help and give tips on how to enhance the performance of the plane.
The following image is a screen shot from Google Maps where the club can be seen.
Figure 7.1: Google Maps screenshot from Club d’Aeromodelisme Pla de Vent
7.1. First test
The first flight is maybe the most important test for an airplane, because it demonstrates
if it can actually fly and all the problems it may have. For this first test, the plane was
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flown completely manual and carried only the necessary systems for flight. Although the
autopilot was not tested to fly the airplane, it had to be installed because of the aileron
configuration the Skywalker uses as explained in section 5.3.. So the autopilot’s only func-
tion in this demonstration was to receive the inputs from the RC receiver and output them
unchanged through its own outputs and adding an extra control signal for the secondary
aileron, its function, then, was almost merely a node between the receiver and the servos.
The following is a list of the installed hardware in the plane for this test:
• Servos
• APM 2.6
• RC Receiver
• ESC
• Motor
• Propeller
As has been explained, the main intention of this test is to test out the capacity to fly and
the inherent problems of the chosen model. Then, the elements to be tested are:
• Capacity to fly
• Engine performance and demand
• Effect of the crossed-winds
• Inherent problems of the model
• Radio-control transmitter and receiver
This first flight was handled by an experienced RC pilot at the club who was very kind to
help.
The first preliminary test consisted on throwing the airplane by hand without any motor
input, to see if it could perform a controlled glide to the floor. If it could not be controlled it
would crash at a fairly low speed and from a very low altitude, and the damage would be
much less than if the plane was thrown at full throttle, because it would crash at a higher
speed and at maybe a higher altitude since the motor could have pushed the plane higher.
The last part of the test was dedicated to the analysis of the airplane’s attitude while flying,
its capacity to cruise, climb, descend and turn with the added effect of the crosswind.
The results of the test are summarized as follows:
• The plane was capable of performing a controlled glide to the floor, so the pilot
applied throttle just before it touched the ground lifting the airplane easily in to the
air.
• The plane demonstrated that it was capable to fly although some problems were
encountered. For starters, there was a major problem regarding the fuselage of
the airplane that made it slightly difficult to control. This problem was caused by
the lack of reinforcement in the tail and what happened was that during flight, the
tail was wobbling around changing the airplane’s profile abruptly thus causing the
aerodynamic forces to change considerably. This caused the plane to become less
responsive to the pilot inputs and to have a bad lateral stability.
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• Another problem encountered was the longitudinal stability of the airplane. This
problem caused the plane to fly more like a boat sails the waves, it had a tendency
to climb, then lose some speed and fall again. The element causing this behaviour
was the location of the center of gravity (CG), as is explained in appendix H, it has to
be located before the aerodynamic center. In this case, the CG was located a little
behind its ideal position. This problem was already known before the flight but was
not considered a problem, the pilot would have to anticipate the plane movement to
not let it climb and that is it. This problem is not too serious because the airplane
has to carry more hardware that goes at the front, thus moving the CG forwards and
eliminating this issue.
• The last problem was the difficulty that the plane had of banking to the its left. It
could easily turn to the right but not to the left. This could be caused by several
factors, and some of them where tested right away. The first possible cause was
the motor, maybe the problem was its positioning or that its torque was producing
considerable forces, but it was rapidly discarded when the motor was stopped and
the problem persisted, even when gliding with no motor it had problems turning to
the left. Another reason as to why this was happening was the tail movement.
• The plane showed that strong cross-winds were not affecting its nominal flight paths
significantly, but they had to be counteracted by using the rudder of the plane.
After the first test was completed, an after-test analysis was performed in order to find
solutions to solve the encountered problems. These solutions are listed below:
• The problem of the wobbly tail was solved by placing two 6.1 mm squared carbon
fibre tubes in each side of the tail attached with fibre tape which also helps to rein-
force. Carbon fibre is very strong and lightweight and it is not flexible so it maintains
the tail in its correct orientation. The fibre tape is very strong and helps to deform the
tail EPO tube a little so that the horizontal stabilizer is more aligned with the wings.
In figure 7.2 one of the carbon tubes placed to reinforce the tail are shown.
• In the following tests, the airplane should always carry the secondary 1800 mAh
used to power up the Raspberry Pi and all its peripherals. This decision was made
after the problems with the CG encountered during the first test, the weight of the
secondary battery by itself is capable to shift the center of gravity the couple of
centimeters required to have a perfect longitudinal stability.
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Figure 7.2: Skywalker tail reinforcement
7.2. Second test
In the second flight the new improvements had to be tested so this test was also to be
flown completely manually. The equipment carried by the plane was:
• Servos
• APM 2.6
• RC Receiver
• ESC
• Motor
• Propeller
• Auxilliary 1800 mAh battery
• 433 MHz telemetry transmitter
The main objectives of this test were:
• Test if the reinforcement of the fuselage had solved the lateral instability problems
and the difficulty to bank to the left.
• Test if the addition of the two carbon fibre tubes had any adverse effect on the plane
performance, other than a minor increase of the weight and the drag.
• Check if the addition of the battery had solved the CG location issues experimented
during the first test.
• Test the 3DR 433 MHz radios to transmit the telemetry data from the autopilot to the
ground control station software.
This second flight was also carried out by an experienced RC pilot at the club.
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7.2.1. Results
• The lateral stability was greatly improved since the tail was not wobbling around like
in the first flight.
• The CG problem was also solved this time because of the weight that the extra
battery added at the front, thus moving the CG forwards to its proper location. When
flying the plane did not have that boat behaviour mentioned in the first test.
• In this test the laptops were used to connect to the autopilot and receive real time
telemetry data, which worked perfectly, excepting some disconnections caused due
to the fact that the antenna connected to the laptop was located under a metal roof
and the plane entered a stream of hot rising air and climbed up to 260 metres. It
was difficult to descent due to the rising air. This behavior demonstrated that the
airplane is a heavy lifter, confirming the results obtained during the lift calculations.
• The plane had an accident at landing (see figure 7.3). There were relatively strong
wind gusts that pushed the plane when it was about to touch down and it made it
crash directly into the runway pavement. The nose was damaged and the two pats
in which the airframe comes were slightly separated. This crash was caused due to
strong wind gusts that tipped the plane when it was about to land.
Figure 7.3: Skywalker crashing on landing
The cavity at the front where the batteries are inserted was deformed and broke at
one side. The broken side was easily glued together with hot glue. The deformation
however, widened the cavity and since then the batteries fit much more easily.
• The part of the airframe that was separated at the nose was glued together also with
hot glue and reinforced with fibre tape.
The main objectives of this test were to check the validity of the methods used to correct
the unstable behaviour demonstrated by the plane during the first test, and to test the
telemetry system, and this objectives were completely achieved excluding the final crash
caused by the strong wind gusts.
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7.3. Third test
The third flight was carried out the same day as the second flight but after solving the
problems caused by the earlier crash. This time, the main intention was to test three
elements, the camera, the Raspberry Pi regulator, the Raspberry Pi itself, and the possible
total endurance of the plane. The shipped equipment was:
• Servos
• APM 2.6
• RC Receiver
• ESC
• Motor
• Propeller
• Auxilliary 1800 mAh battery
• 433 MHz telemetry transmitter
• Raspberry Pi
• Raspberry Pi Camera Module
• Raspberry Pi regulator
• USB memory to store video
The main objectives of this test were:
• Test the camera module by recording a 1080p 30 fps video and store it into an
external USB memory. This was intended to show the camera quality, resolution
and behaviour with the vibrations inherent to the flight.
• Test the capacity of the team members to actually fly the aircraft, for all the previous
tests the model was controlled by expert RC pilots, but during the autopilot tests, it is
extremely important to be able to regain manual control in case of any unexpected
error or failure. This time, the plane was controlled by Coen Duijneveld.
• Check the possible endurance of the airplane, to do so a flight over 20 minutes was
to be performed to check the discharge ratio by measuring the battery level after
landing the airplane.
The main results that could be extracted from this test are:
• The plane flew for about 25 minutes and depleted 65% of the battery.
• This time, with no wind issues, the touchdown was successful.
• The video was perfectly recorded except for the fact that a bit of the plastic cover
was in front of the camera which blurred the image in the right side. The camera
showed up a great performance by storing a high-quality, high-resolution video (as
can be seen in figure 7.4) with no significant problems with the vibration of the plane.
During the ground pre-flight test, it was discovered that the motor mounting was not prop-
erly glued and was detaching. It was glued back together with 2-minute epoxy which made
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Figure 7.4: First onboard video
a very strong bond in a short time. But after this mild problem, something else was found:
There was a problem with the motor, if the throttle was risen more than 50 %, it started to
vibrate. This problem was considered as potentially dangerous because it could end up
breaking the shaft, and therefore another motor was ordered to replace it.
But until the shipping was completed and since the motor was capable of lifting the plane at
half the throttle, tests could still be performed with this limitation. Keep in mind that in case
of a necessity, there is no danger in applying full throttle for a couple of seconds. Excluding
the faulty motor and motor mount problems, the main conclusions obtained from this test
were encouraging, the camera quality was perfect, the plane had improved lateral and
longitudinal stability with the added modifications and the re-positioned center of gravity,
therefore, the architecture was ready to take it to the next step: the autopilot test flights.
7.4. Fourth test: First autopilot test
After successfully replacing the malfunctioning motor, the first autopilot test was performed.
Before the test, the APM 2.6 was prepared by installing the most recent APM:Plane
firmware (2.78) and by uploading the Skywalker 1900 specific parameters obtained from
Ryan [42], a member of the DIY Drones community. In this test the Raspberry Pi was not
in the plane because the only intention was to test out the proper operation of the autopilot.
The on-board equipment, was the same as for the second test:
• Servos
• APM 2.6
• RC Receiver
• ESC
• Motor
• Propeller
• Auxilliary 1800 mAh battery
• 433 MHz telemetry transmitter
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The main objectives of this test are all related to the autopilot itself:
• Test the ability of the autopilot to handle the plane completely by flying a programmed
mission with waypoints.
• Test one of the ground station applications, QGroundControl, a multiplatform pro-
gram available for Linux, Windows and Mac. Using this software a simple mission
was programmed consisting in four waypoints that flew a square pattern like shown
in figure 7.5. Once the plane flies through all the waypoints the mission ends, and
it should return to home and loiter there waiting for manual control or for another
order.
These waypoints were set to an altitude of 200 metres above the ground because at
this time it wasn’t known if the autopilot would work, so flying very high is more safe
and gives more time to override the autopilot and take manual control.
Figure 7.5: First mission test programmed with QGroundControl
• Test the stabilize mode. According to the documentation, with this flight mode, the
plane should level itself after putting it in a roll or in a dive and then letting the
controller sticks go.
• Test the GUIDED mode: In this mode, the autopilot receives a destination via de
Ground Control Station by using a click-and-go interface, that is, pointing the des-
tination in a map. The plane should then fly to it directly and loiter above the point
until a new destination or order is given.
The plane was hand-launched as always and once it was at 200 metres AGL, the system
was switched to AUTO mode by using the transmitter’s knob mapped to channel 5.
On paper, while in AUTO mode, the plane should fly completely autonomously without any
input from the pilot and it should follow the waypoints and when finished loiter around the
home position. What happened is that since it was flying way up at around 200 metres,
from the ground it was impossible to discern what was going on except the fact that it
wasn’t falling. It could be seen that it was flying some kind of pattern because it was
making turns but it was not possible to see if it was the programmed pattern.
Thus, after these difficulties, the airplane was landed and another mission programmed to
fly much lower to analyse the real pattern that the airplane was flying. While descending,
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the stabilize mode was tested as well by putting the plane in a steep roll to the right and
letting the control sticks free, the result was satisfactory since the plane effectively levelled
itself very rapidly. More inputs were given to the model and every time the plane levelled
quite fast, so the conclusion was that the stabilization mode was behaving properly.
After the next take-off, the autopilot was switched again to AUTO to fly the same pattern
but at an altitude of 100 m. What happened was that the plane began descending following
again some kind of pattern that didn’t seem to be the programmed one. It seemed that it
turned to one of the waypoints, but as soon as it was facing it the plane turned again. At
this point the airplane was not flying at 100 metres, but much less, at 40 metres, so the
manual override was ready to be deployed. Then it could clearly be seen that it was flying
towards the home position and once there, it began to loiter around it. So the autopilot was
definitely working although it wasn’t flying the correct route.
To end with the test, the GUIDED mode was tested by giving the order of flying to the
other end of the flight area from where it was, the plane executed a levelled flight to the
destination and once in there, it loitered around the point. More orders were given and the
plane obeyed all of them. After this final test, the plane was landed to study the results:
• The autopilot flew the plane completely autonomously, maintaining the altitude and
turning the plane to fly a pattern. The only problem was that it did not seem the
programmed pattern.
• Once the programmed mission was completed, the plane loitered around the home
position.
• The plane did not fly at the programmed altitude of 100 meters, but much less, at
around 40 meters.
• Both the STABILIZE and GUIDED modes worked perfectly, the first one keeping the
plane stabilized no matter the wind or the user inputs, and the last one flying the
airplane to the indicated coordinates and loitering around after reaching them.
The main conclusion obtained from this test was that the autopilot was perfectly capable
of navigating the plane, keeping it stabilized and directing it to the appropriate coordinates.
But some problems had to be corrected prior to the next test:
• One of the problems was that it did not seem to fly the right pattern. The problem
was that the autopilot was programmed to consider that the waypoints had been
reached when it got within 45 metres from them. This radius is quite large and some
of the waypoints had overlapped areas, which is why the plane seemed to go the
waypoint and then changed direction to another.
This error is related to the software used to program the route. The mission was
programmed using the QGroundControl software in a Linux platform and when pro-
gramming there was an option that indicated the radius of the waypoints and all
were set to 0 m, this problem was discovered when the route was checked with the
Mission Planner software in a Windows Platform. This software had an option to
change the radius of all the waypoints and it was set to 45 metres.
• The not correct altitude mistake was caused by programming the waypoints to use
absolute altitude instead of relative altitude. Absolute altitude uses the mean sea
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level (MSL) as reference, and because the club is higher than 100 metres above SL,
the plane was flying too low. In fact, it didn’t descent to the ground because when
the GPS is locked the autopilot calibrates the barometer by using the GPS altitude,
which is the ground altitude, therefore, it can keep a safety margin from it.
A new test was performed in order to determine if the previous problems had been solved.
7.5. Fifth Test: Second Autopilot test
For the second autopilot test, a 6 waypoint mission was programmed. The mission flew a
left-hand traffic pattern at 100 metres and when approaching to the runway at waypoint 6
it descended to 75 metres to climb again to 100 metres to start the pattern over again until
manual control is taken, figure 7.6 shows the flown flight mission:
Figure 7.6: Looped mission
This second test was achieved by using the same equipment as for the first test, i.e. :
• Servos
• APM 2.6
• RC Receiver
• ESC
• Motor
• Propeller
• Auxilliary 1800 mAh battery
• 433 MHz telemetry transmitter
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The main objectives were:
• Check the new updated waypoint radius
• Check the new reference level altitude
• Test two new flight modes: Fly-By-Wire A and Fly-By-Wire B
The pattern shown in figure 7.6 will be flown indefinitely until manual control is taken.
Note that there is a waypoint 8 just after waypoint 6. This waypoint is required in order
to program the mission so that after waypoint 6 it heads to waypoint 1 and starts again,
a command indicating this jump must be placed after waypoint 6 and a dummy waypoint
after the command (waypoint 8). If waypoint 8 is not placed, then when reaching waypoint
6, the mission would be considered as finished and then the plane would execute a RTL.
The main results obtained from this test were:
• With the new turn radius the route looked more like the programmed one, in fact, the
plane turned exactly at the point it should to. However, by looking at figure 7.7, it can
be seen that the real path of the plane looks more like a French frie than a rectangle.
This behaviour was caused by a strong cross-wind component that had its major
effect in the turns, but while performing a straight flight it is not so noticeable for the
autopilot is capable of compensating its effect perfectly.
Figure 7.7: Looped mission ground path
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• The plane flew exactly at the selected altitude for each waypoint, so the reference
level altitude problem can be considered as completely solved.
• The Fly-By-Wire (FBW) test was also completed successfully. The A mode limits
the roll and pitch to certain programmed angles and does not maintain altitude. This
means that if the aileron stick is moved to the right, the plane will maintain the maxi-
mum roll and will not overpass it, the same behaviour applies for the pitch. Mode B
differs from mode A in which it maintains altitude.
Altitude is changed with the elevator stick, if it is pulled all the way back, the plane
will climb at the maximum programmed climb rate. This mode is the easiest way to
fly the plane manually. The autopilot takes care of stabilization and altitude, and the
pilot just indicates where it wants it to fly with the controls. It feels like driving an RC
car, turn the stick to the right to turn right, centre it and the plane will level itself and
will fly straight.
The main objectives of this test were completely achieved with no significant problem.
7.6. Sixth Test: Video Transmission, Telemetry via 3g,
BTI delivery system and ground sensor connectivity
test
This two-lined title stands for a major test. In this test, the video streaming and teleme-
try over the mobile network, the data fetching from ground sensors and the BTI agent
deployment system were tested.
This test implied a lot of components and subsystems, therefore the failure possibility was
larger than usually, because any extra system is a weak point of any complex system as
will be demonstrated at the end of this test subsection.
The onboard equipment for this test was basically the full lot:
• Servos
• APM 2.6
• RC Receiver
• ESC
• Motor
• Propeller
• Auxilliary 1800 mAh battery
• 433 MHz telemetry transmitter
• Raspberry Pi
• Raspberry Pi Camera Module
• Raspberry Pi regulator
• Mosquito agent deployment system
• Arduino board with the XBee module
• 9 V battery
• 3G router
• USB WiFi dongle
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The system operation and architecture for this test needs a section on its own, but the
summary is:
• The 3g router creates a wireless access point to which the USB WiFi dongle is
connected, in fact, the airplane is actually a flying WiFi hotspot.
• The 9 V battery was required to power up the Arduino board since the Raspberry Pi
could not deliver enough current.
• The counter-mosquito delivery system was loaded with sand for this first test. The
programmed route was a simple square pattern like the one flown during the first
autopilot test.
This test had many systems to be tested, and therefore the main objectives were simple:
• Test the telemetry link via mobile network
• Test the web-controlled BTI agent deployment system
• Test the video stream over the mobile network
• Test the XBee data gathering system and storage
Since this test implied several new systems, a complete ground test was performed before
throwing the airplane into the air. The ground test seemed successful, the telemetry and
video stream were working perfectly, the mosquito-agent dispenser mechanism was armed
and loaded and the ground sensor link system was populating the Google docs file with
sensor data. After the ground test, the airplane was sent into the air:
After climbing the airplane manually to a safe altitude, the plane was kept flying a square
pattern to test the correct operation of all the systems. The video and the telemetry over
3g were working perfectly but there was a problem with the controls of the plane, the motor
would slow down for a second and then turn up again. This anomalous behaviour was
indicating that the plane was losing the transmitter’s signal, the autopilot even changed
into CIRCLE mode for a couple of seconds before manual control was regained.
So when the plane was flying away from the team the transmitter signal had difficulties
reaching the receiver, what was happening is that the signal was lost for a second and
then it had link again and lost again and so forth. Flying this way is dangerous because
if the signal is lost for 1.5 seconds, the autopilot enters into short failsafe and into circle
mode, which circles at the current altitude. The problem comes when the transmitter signal
comes back, because it enters into manual mode resulting in a loss of altitude and then
the signal is lost again when the pilot tries to climb, so it could result in the plane falling to
the ground.
To try to land the plane safely, since it was quite far away, the RC transmitter was turned
off so that the plane would enter in circle mode and loiter where it lost signal and after
20 seconds enter into the long failsafe and perform an RTL command. After turning the
transmitter off, the plane began circling, then after 20 seconds the telemetry indicated that
RTL mode was entered, this means that the plane should head to home which is where
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GPS was first locked at the workbench where manual control could be easily regained to
land as soon as possible.
But the plane did not return to the home location and it began to fly away instead. When
this happened, the transmitter was rapidly turned on and an effort was made to make the
plane turn back, but it was far away and it was barely visible, meaning that it was almost
impossible to see what attitude it had, if it was turning or not. At that time the thought of
the plane being lost was very real among the members of the team. Then the plane, for
unknown reasons at the time, came back. It was in AUTO mode and soon as it got in reach
of the transmitter, manual control was taken to proceed with the landing.
This test was a cumulus of consecutive human and technical errors that should not have
happened, ever. So after the test, a deep analysis meeting of the previous situations was
hold in order to determine the multiple problems experienced.
• The plane was carrying several emitting devices that are possible to cause interfer-
ence between them and most importantly to the RC receiver, which is exactly what
happened. In fact, loaded in the plane there were 3 systems working at exactly the
same frequency, 2.4 GHz, which are the 3g router, the radio control receiver and the
XBee transmission system.
Previous testing demonstrated that the wireless network created by the 3G router
did not cause any interference with the receiver.
The issue, then, was the placement of the wrong Xbee Arduino board on the plane.
The XBee transmitter was the one loaded on the plane instead of the receiver. Mean-
ing that in lieu of receiving transmissions from another board on the ground, was ac-
tually sending them at exactly the same frequency as the receiver and at less than
10 cm away from its antenna.
This incorrect placement caused the radio control signal to get lost every second.
• Apropos of the anomalous behavior of the autopilot when it was executing the return
home mission, the problem was the placement of the Arduino board and the way it
was attached to the fuselage. It was placed just above the GPS and secured with
aluminized fibre tape which caused a blocking of the GPS signal, not allowing it to
get a continuous GPS lock.
• Because of all this problems, neither the counter-mosquito agent deployment system
nor the Xbee telemetry were tested.
The main conclusions obtained from this test, are neither mathematical nor technical, but
human. Humans are considered the weakest point in any system for a good reason, and
therefore there should be sufficient technical and procedural barriers to avoid humans to
cause a fatal error. After this test, a checklist was created to be verified prior to every flight,
this checklist can be found at appendix I.
A technical conclusion obtained from this test is to avoid the aluminized fibre tape since it
reflects the signals hindering a proper reception.
Another conclusion obtained from this test is that both the telemetry and video link seemed
to work perfectly demonstrating the most heavy-weight tasks could be achieved by using
the mobile band.
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7.7. Seventh Test: BTI agent deployment system test
This test was supposed to be simple compared to the sixth test (see 7.6.), the intention was
to try out just the BTI deployment system. To do so, the Bacillus Thuringiensis Israelensis
container was filled with little stones and sand.
The plane was to be flown completely manual, but considering the fact that the Raspberry
Pi needed to be carried to activate the system and create the operator’s control web page,
the telemetry and video stream were also received by using the Raspberry Pi link.
The dispensing system worked perfectly, with less than a second of delay between the
user input and the effective discharge, in figure 7.8 the sand falling from the airplane can
be seen.
Figure 7.8: Discharging system in operation
Thus, the main objective of this test was achieved, but while making the airplane descend,
it suddenly became irresponsive to the radio control inputs to violently fall into the ground
still with no glimpse of control.
Fortunately, and thanks to the deformability capabilities of the EPO foam, and the two
carbon fibre reinforcements attached to the fuselage, the plane was almost undamaged,
except for a bent aluminium tube and some EPO dents and scratches.
The problem that caused the plane’s behaviour was completely unknown, however, it was
noted that when the GCS connected to the autopilot via TCP through the Raspberry Pi,
the ailerons would move and inputs would be ignored as if the autopilot were initializing.
This was later tested to determine what was exactly happening: It turns out that the APM
initializes every time after a telemetry connection is made through its USB interface. This
was demonstrated by using the MAVProxy GCS software in the Raspberry Pi. Once the
connection was made, the software indicated that the APM was initializing. See figure 7.9
(a).
While the APM is initializing, the plane cannot be controlled. This is what caused the
accident, telemetry was lost for a second and when the reconnection occurred, the APM
started its initialization procedure thus turning the plane into a dead weight which even-
tually fell due to the impossibility to control it. This initialization procedure when MAVLink
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(a) USB link (b) Radio link
Figure 7.9: Raspberry Pi connection to APM via MAVProxy
connects through the USB interface has not been found in the official documentation nor
in the forums.
Initialization does not occur when MAVLink is connected through the 3DR Radios (see
figure 7.9 (b)). The APM’s USB connection is intended for use in a computer with a GCS
for configuration purposes, not for telemetry. To solve this problem, the USB connection
solution was abandoned, and instead use some of the APM’s UART ports that are intended
for telemetry. However, this ports are not easily accessible and pins must be soldered to
the board in order to use them.
Due to the lack of time, this project has adopted a much easier solution. The availability of
the 3DR radios have made possible to use them to connect the APM to the Raspberry Pi.
This is obviously not a good solution because with 2 radios on board it adds extra weight
and extra devices that emit. However, it works perfectly. The radios have been configured
to transmit at the lowest possible power, that is, 1.3 mW. With this new connection between
the APM and the Raspberry Pi, the problem that caused the crash has been solved.
7.8. Eighth test: Long range test
After testing on the ground that the 433 MHz link was working perfectly with no problems
even when telemetry got disconnected, the next step to perform to complete the test diary
was to perform a long-range test, i.e. a test out of the transmitter’s range.
The onboard equipment for this test was:
• Servos
• APM 2.6
• RC Receiver
• ESC
• Motor
• Propeller
• GPS Module
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• Auxilliary 1800 mAh battery
• Raspberry Pi
• 3G router
• 2 x 433 MHz telemetry radios
Figure 7.10: Long range mission
All previous tests were flown in transmitter range, that is, manual control could be taken
at any time during the mission. In this test, the intention was to fly the plane out of the
transmitter range so that the plane can travel longer distances. The flown mission is shown
in figure 7.10. The distance from the home location to waypoint 4 is around 615 metres
and the total route has a length close to 2 km per lap.
To be able to perform this mission, the APM’s failsafe function had to be reconfigured.
The default failsafe is the throttle failsafe, which detects loss of transmitter signal. Since
loss of transmitter signal is sure to happen, this function had to be disabled. However, a
failsafe function is extremely useful, and APM has also the ability to perform an RTL when
it detects a loss on the telemetry link, for more information about the APM functions, take
a look at chapter 5.
Telemetry failsafe was enabled so that when the APM detects that has lost contact with
the Ground Station, it will execute an RTL and return home. This is important, because
if the link were lost, there would be no way of controlling it. However, since the mission
is a loop, losing telemetry is not that serious because the plane would return and manual
control could be retaken.
7.8.1. Results
The mission was a success, the airplane performed the circuit twice and telemetry was not
lost. Figure 7.11 (a) shows a screenshot of the telemetry data of the mission that shows
the path of the plane,by taking a look at the turn performed by the plane at the waypoint
#4, the reader will notice that it misses the corner of the field, this misbehavior was caused
by the strong wind gusts of up to 40 km/h. In fact, the vertical trajectory shown in figure
7.11 (b) reveals that the wind pushed the plane nearly 50 meters below its cruising altitude.
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(a) Flight path (b) Flight path altitude
Figure 7.11: Long flight data
In this test, the GPS was placed in another location on top of the plane. Its previous
location was just below the wing. The problem was that the aluminium bar that joins the
wings was just on top of the GPS, and it could interfere with the compass module, which
is the main reason of the change of location.
After the test, the XBee link system was tested on the ground by locating the transmitter
close by. As a result, the system started populating the Google spreadsheet demonstrating
that the system was working perfectly.
After the XBee test, all the subsystems had been verified, and therefore a new test with all
the equipped systems was ready to be performed.
7.9. Nineth test: Full functionality test
To end with this chapter there’s only one thing to be done, talk about the final test performed
with the plane fully loaded with all the systems involved in this project for the last time. The
total equipment carried by the airplane is listed below:
• Servos
• APM 2.6
• RC Receiver
• ESC
• Motor
• Propeller
• Auxilliary 1800 mAh battery
• Raspberry Pi
• Raspberry Pi Camera Module
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• Raspberry Pi regulator
• GPS module
• Mosquito agent deployment system
• Arduino board with the XBee module
• 3G router
• USB WiFi dongle
• 2x 433 MHz telemetry radios
Increasing the total weight of the airplane up to 3 kg. The system’s architecture to perform
this test is rather complex, and it is detailed as follows:
The autopilot module was connected to the Raspberry Pi via the 433 MHz telemetry set
to avoid the re-initialization problems experimented during the previous test. While the
Raspberry Pi was in charge of all the advanced functions explained in chapter 6.
To test out that all the systems were working faultlessly, there are several elements to be
checked before throwing the plane wings in the air (see I ): The telemetry link has to be
permanently established, the video transmission has to keep the lowest delay as possible
while avoiding the extra usage of the Pi’s resources, the BTI discharge system has to be
armed and loaded with flour, and the webserver to control it ready to be used and finally,
the ground-sensors data collecting system has to be ready to receive the data and upload
it to the Google Apps based database.
The test of most features can be achieved without flying the airplane, all the systems are
3g based and therefore, it they work at 2 meters away from the airplane, they’ll also work
200 km away (considering that 3g is available). To test the XBee data acquisition system,
though, it is quite troublesome considering that the range it can achieve can be as large
as 1 NM (for line of sight communications), then the transmitter must be placed far away
from the receiver to ensure that the system is capable of gathering the information when
approaching to the transmitter. To ensure that the test was valid, the XBee transmitter was
located more than 500 meters away from the furthest waypoint of the route. (see figure
7.12 (a))
After the Xbee transmitter was placed at the intended location, the route was loaded into
the APM 2.6 memory, this time, the route consisted in 8 waypoints covering a total distance
of more than 1.8 km per lap (see figure 7.12 (b)).
The main objectives for this mission were:
• Test the interaction between all the equipped subsystems
• Test the BTI deployment system with a larger container and about 100 g of flour.
• Verify that the architecture is capable of connecting to the ground sensors and up-
load the information, real-time, to a web-based storage platform, as so as determin-
ing the volume of detection for the ground sensor.
• Test the aptitude of the autopilot to fly the airplane fully loaded, and with asymmetric
wind resistance caused by the location of the discharge system and the Arduino
XBee receiver.
• To sum up, test the architecture with the same conditions as the ones in which it is
supposed to be used on.
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(a) Arduino placement (b) Flight path altitude
Figure 7.12: Long flight mission
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The test started as always, by throwing the not-so-light-now plane into the air, but this time,
before switching to AUTO mode, the plane was manually kept at a low altitude in order to
activate the BTI dispersion system.
After the deployment of the product, the autopilot took care of the plane by performing the
2 km lap. During the whole circuit, both, the telemetry and the video stream were displayed
at the laptops’ screens (see figure 7.13)
Figure 7.13: Laptops with capturing the real time video and telemetry data
The test was a complete success, and several results and conclusions could be extracted,
the main results were:
• The larger BTI deployment system executed perfectly its mission, with the 100 g of
flour equipped, the system was capable of freeing 3 discharges into the air, figure
7.14 shows the system while actuating and shows that the flour wake was clearly
visible.
Figure 7.14: BTI deployment sequence
• The video and telemetry links worked perfectly with no problems or disconnections
during the whole flight.
• The autopilot flew the aircraft seamlessly, with the exception of the turns where the
strong wind gusts pushed it slightly out of the programmed path. But this behaviour
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can’t be considered as erroneous for it was caused by the particular meteorological
conditions, which by the way, are the most usual ones in the area where the club is
located. The flown path is shown in figure 7.11 (a) where it is easy to notice about
the explained operation caused by the cross-wind.
• The extra weight and drag did not affect significantly the normal operation of the
automated flight.
• The XBee sensor data gathering system also fulfilled its task perfectly, uploading the
information from the ground sensor to the spread sheet and feeding the automated
graph as can be seen in figure 7.15.
Figure 7.15: Google Spreadsheet being populated with sensor data
The calculation of the coverage area was achieved after the test by comparing the times
when XBee the receiver had received a value with the GPS position and altitude of the
plane at the same time, this position is stored within the telemetry log. The coordinates of
the plane at the time the XBee receiver sent a value are shown in table 7.1.
And by graphing this coordinates in Google Earth by using the script found in appendix
G.3.4. a clearer idea about the coverage volume that can be obtained (see figure 7.16). It
can clearly be seen that the system was capable of receiving the incoming data even while
flying at 100 metres. But a clear pattern can also be seen in the figure, the system only
received data at the west side of the XBee transmitter.
This fact was caused by the lateral location of the XBee receiver on the plane, it was
located at the right side of the plane, and therefore while flying towards the north, there
was no connection. This issue can be easily solved by locating the XBee receiver at the
belly of the airplane to improve the signal reception.
In conclusion, this final test demonstrated that the chosen UAV platform, mounted and
programmed is capable of fulfilling the initial requirements of this project, it has been capa-
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Time stamp Latitude [deg] Longitude[deg] Altitude [m]
09/08/2014 20:02:20 41.288627 1.331622 20.60
09/08/2014 20:02:35 41.288291 1.330834 17.66
09/08/2014 20:02:45 41.288410 1.331539 24.36
09/08/2014 20:02:55 41.289107 1.330755 23.60
09/08/2014 20:03:05 41.288454 1.330783 10.84
09/08/2014 20:03:15 41.288275 1.331443 14.05
09/08/2014 20:03:30 41.288678 1.330433 15.65
09/08/2014 20:03:40 41.288010 1.331096 10.36
09/08/2014 20:04:05 41.2889466 1.330251 30.84
09/08/2014 20:04:15 41.288915 1.330558 18.02
09/08/2014 20:04:25 41.288144 1.331145 2.59
09/08/2014 20:08:45 41.288755 1.332028 57.92
09/08/2014 20:09:10 41.287872 1.331576 96.84
09/08/2014 20:12:10 41.288534 1.331593 17.02
09/08/2014 20:12:45 41.288960 1.330618 14.12
09/08/2014 20:12:55 41.288934 1.330601 13.92
Table 7.1: Sensor data to determine radio coverage
Figure 7.16: Arduino XBee coverage
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ble of performing an autonomous flight while transmitting video an telemetry through the
3g mobile network, the XBee system onboard has gathered ground sensor data and has
stored the information into a Google spreadsheet to be seen by the system’s operator in
real time. The operator has been capable of deploying the BTI agent through a web-based
control interface.
CHAPTER 8. CONCLUSIONS AND FUTURE
IMPROVEMENTS
The initial requirements have been achieved successfully insofar that:
• Even though a 10 km mission has not been fulfilled, both the theoretical and the real
measurements on the main battery indicate that this requirement could be easily
accomplished.
• The video and telemetry transmission via the Raspberry Pi and through the mo-
bile internet network has worked seamlessly ensuring that the MAV could be both,
controlled and monitored from a remote location.
• The XBee system used to gather the information from ground sensors, and the
libraries and code used to store it into an online database have completed their
task without any remarkable problem.
• The vehicle has been capable of towing and deploying several doses of BTI to actu-
ate in case a possible mosquito nest would be detected.
• The complete vehicle and subsystems have been ordered without overpassing the
maximum 1000 e budget limit (See annex K).
But, although the initial objectives have been completed, several elements could be im-
proved for future versions of this project such as:
• The internet video transmission system is perfectly capable of accomplishing its
intended task, but if more video quality is required, either a 4g connection or an
independent video system should be used in order to improve the received resolution
of the video stream.
• In case this architecture was considered to be used in public terrain, several modifi-
cations should be introduced to ensure a safe operation.
A larger model with redundant systems would be useful to reduce as much as pos-
sible the failure probability and to carry a larger load of BTI.
Another important element to be added would be to encrypt or add a password to
the telemetry and video stream to avoid non-intended users to take control over the
vehicle.
• Although a fixed-wing aircraft has proved to be the adequate choice, the incapacity
of performing stationary flight imposes a great disadvantage in front of a rotorcraft.
Therefore, the best option should be to have a fixed-wing model with capacity to per-
form stationary flight, thus it could deploy precisely the dose of BTI into the mosquito
nest or water puddle.
• Add a complete night-vision system to detect precisely the water puddles and to
actuate during the night, when any type of incident would be less risky.
• A HUD (Head Up Display) should be added to the goggles video feed to have teleme-
try information in order to fly the plane manually when it is out of sight (FPV).
97
98 Design and construction of an UAV for plague-control purposes
BIBLIOGRAPHY
[1] Consell Comarcal del Baix Llobregat. El servei de control de mosquits del consell
comarcal del baix llobregat, 2013. 1, 2
[2] Wikipedia. The general encyclopedia: Baix Llobregat map. http://
commons.wikimedia.org/wiki/File:Map_Baix_Llobregat.png. Accessed:
01/06/2014. 2
[3] Consell i alcaldes exigeixen a la generaltitat que garanteixi el servei
de control de mosquits. http://www.elbaixllobregat.cat/premsa/
consell-i-alcaldes-exigeixen-la-generalitat-que-garanteixi-el-servei-de-control-de-mosquits.
Accessed: 01/06/2014. 1
[4] MDF Bento. Unmanned aerial vehicles: an overview. Inside GNSS, 3(1):54–61,
2008. 3, 4, 5
[5] Wikipedia. MQ-1 Predator Image. http://en.wikipedia.org/wiki/File:
MQ-1_Predator_unmanned_aircraft.jpg. Accessed: 05/08/2014. 4
[6] Wikipedia. RQ-4 Global Hawk Image. http://en.wikipedia.org/wiki/File:
RQ-4_Global_Hawk.jpg. Accessed: 05/08/2014. 5
[7] NASA. Helios Mishap Photo Previews. http://www.nasa.gov/centers/
dryden/news/ResearchUpdate/Helios/Previews/index.html. Accessed:
05/08/2014. 5
[8] Wikipedia. The general encyclopedia: QuadRotor picture. http://commons.
wikimedia.org/wiki/File:Quadrotor.jpg. Accessed: 03/06/2014. 9
[9] AliExpress. Online Store: Fixed-wing RC plane picture. http://www.
aliexpress.com/item/rc-airplane-6CH-2-4G-Cessna182-Wingspan-1-5M-with-water-float/
252149828.html. Accessed: 03/06/2014. 10
[10] David F-Anderson & Scott Eberhardt. Understanding flight, chapter 2, pages 15–54.
McGraw-Hill, 2 edition, 2001. 10, 12, 25, 48
[11] John D. Anderson Jr. Introduction to Flight, chapter 5, pages 178–255. McGraw-Hill,
1989. 11, 12, 14, 16
[12] DIYDrones. Crusing speed of Skywalker EPO? http://diydrones.com/
forum/topics/crusing-speed-of-skywalker-epo?id=705844%3ATopic%
3A163143&page=2#comments. Accessed: 14/07/2014. 12
[13] Robert M. Pinkerton Eastman N. Jacobs, Kenneth E. Ward. The characteristics of
78 related airfoil sections from tests in the variable-density wind tunnel, pages 5–45.
National Advisory Committee for Aeronautics, 1935. 12, 13, 14
[14] M Sadraey. Aircraft Performance Analysis, chapter Drag Force and Drag Coefficient,
pages 2–20. National Advisory Committee for Aeronautics, 2009. 19, 22
99
100 Design and construction of an UAV for plague-control purposes
[15] The Engineering Toolbox. Resources, Tools and Basic Information for Engineering
and Design of Technical Applications. http://diydrones.com/forum/topics/
skywalker-param-file-wanted. Accessed: 19/07/2014. 20
[16] Warren F. Phillips. Mechanics of Flight. John Wiley & Sons, Inc., Hoboken, New
Jersey, 2 edition, 2010. 26, 27, 28
[17] APC Propellers. APC Engineering Design. http://www.apcprop.com/v/
Engineering/engineering_design.html#airfoil. Accessed: 30/08/2014. 30
[18] Abb Silvbbstbin. Scale effect on clark y airfoil characteristics from naca full-scale
wind-tunnel tests. 1934. 30
[19] Webocalc. Webocalc 1.5.2. http://flbeagle.rchomepage.com/software/
webocalc_1.5.2/html/webocalc_metric.html. Accessed: 27/08/2014. 32
[20] Hobbyking. Hobbyking Store. http://www.hobbyking.com/hobbyking/store/
__16234__ntm_prop_drive_series_35_30a_1400kv_560w.html. Accessed:
30/08/2014. 33
[21] Hobbyking. Hobby store. http://www.hobbyking.com/hobbyking/store/
__45498__Skywalker_1900_FPV_Glider_EPO_1900mm_Kit_.html. Accessed:
14/06/2014. 37
[22] Hobbyking. Hobby store. http://www.hobbyking.com/hobbyking/store/
__27132__Skywalker_X_8_FPV_UAV_Flying_Wing_2120mm.html. Accessed:
14/06/2014. 37
[23] Raspberry Pi. Raspberry Pi documentation: Setup. http://www.raspberrypi.
org/documentation/setup/README.md. Accessed: 12/08/2014. 41
[24] Raspberry Pi. Board schematic revision 2.0. http://www.
raspberrypi.org/documentation/hardware/raspberrypi/schematics/
Raspberry-Pi-Rev-2.0-Model-AB-Schematics.pdf. Accessed: 30/08/2014.
41
[25] Raspberry Pi. Board B+ schematic. http://www.raspberrypi.
org/documentation/hardware/raspberrypi/schematics/
Raspberry-Pi-B-Plus-V1.2-Schematics.pdf. Accessed: 30/08/2014.
43
[26] elLinux. Use of Linux in embedded systems wiki: Raspberry Pi hardware power.
http://elinux.org/RPi_Hardware#Power. Accessed: 12/08/2014. 43
[27] Huawei Technologies Co., Ltd., Bantian, Longgang Shenzhen 518129, People’s Re-
public of China. HUAWEI E173 HSPA USB Stick V100R001, 3 2010. 43
[28] Pen Drive 2.0 Specification. http://www.makota.com/pendrive/
pendrivespec2.pdf. Accessed: 30/08/2014. 43
[29] Raspberry Pi. Raspberry Pi documentation: Power. http://www.raspberrypi.
org/documentation/hardware/raspberrypi/power/README.md. Accessed:
12/08/2014. 43
BIBLIOGRAPHY 101
[30] Forum Arduino. Arduino community forum. http://forum.arduino.cc/index.
php/topic,5536.0.html. Accessed: 12/08/2014. 43
[31] 3DRobotics. 3DR Radio Set. https://store.3drobotics.com/products/
3dr-radio. Accessed: 12/08/2014. 43
[32] Raspberry Pi. Raspberry Pi documentation: USB. http://www.raspberrypi.
org/documentation/hardware/raspberrypi/usb/README.md. Accessed:
12/08/2014. 43
[33] elLinux. Use of Linux in embedded systems wiki: Raspberry Pi peripherals power
usage. http://elinux.org/RPi_VerifiedPeripherals#Power_Usage_Note.
Accessed: 12/08/2014. 43, 47
[34] Fairchild Semiconductor. KA78XX/KA78XXA 3-Terminal 1A Positive Voltage Reg-
ulator. 44
[35] ArduPilot. Loading Firmware onto APM. http://plane.ardupilot.com/wiki/
common-load-firmware-apm/. Accessed: 27/08/2014. 49
[36] ArduPilot. Connecting your RC gear. http://plane.ardupilot.com/wiki/
arduplane-setup/connecting-your-rc-gear/. Accessed: 27/08/2014. 49
[37] ArduPilot. APM overview. http://plane.ardupilot.com/wiki/
common-apm25-and-26-overview/. Accessed: 27/08/2014. 50
[38] DIYDrones. Swift profile. http://diydrones.com/profile/Swiftt. Accessed:
27/08/2014. 51
[39] DIYDrones. Wiring diagram for ardupilot. http://diydrones.com/
forum/topics/good-wiring-diagram-for-ardupilot-on-plane. Accessed:
27/08/2014. 51
[40] ArduPilot. ArduPlane parameters. http://plane.ardupilot.com/wiki/
arduplane-parameters/. Accessed: 27/08/2014. 52
[41] ArduPilot. ArduPlane configuration files. http://plane.ardupilot.com/wiki/
flying/tuning/configuration-files-for-common-airframes/. Accessed:
27/08/2014. 52
[42] DIYDrones. Skywalker parameter file. http://diydrones.com/forum/topics/
skywalker-param-file-wanted. Accessed: 27/08/2014. 52, 79
[43] ArduPilot. APM first time setup. http://plane.ardupilot.com/wiki/
arduplane-setup/first-time-apm-setup/. Accessed: 27/08/2014. 53
[44] ArduPilot. ArduPlane flight modes. http://plane.ardupilot.com/wiki/
flying/flight-modes/. Accessed: 27/08/2014. 53
[45] DIYDrones. Skywalker parameter file. http://diydrones.com/forum/topics/
skywalker-param-file-wanted. Accessed: 27/08/2014. 54
[46] ArduPilot. Multiple ailerons. http://plane.ardupilot.com/wiki/
multipleailerons-3/. Accessed: 30/08/2014. 54
102 Design and construction of an UAV for plague-control purposes
[47] ArduPilot. APM Power Module. http://plane.ardupilot.com/wiki/
common-measuring-battery-voltage-and-current-consumption-with-apm/.
Accessed: 27/08/2014. 56
[48] ArduCopter. Installing GPS/Compass Module. http://copter.ardupilot.com/
wiki/common-installing-3dr-ublox-gps-compass-module/. Accessed:
27/08/2014. 56
[49] ArduPilot. 3DR Radios. http://plane.ardupilot.com/wiki/
common-using-the-3dr-radio-for-telemetry-with-apm-and-px4/. Ac-
cessed: 27/08/2014. 57
[50] ArduPilot. APM failsafe function. http://plane.ardupilot.com/wiki/
arduplane-setup/apms-failsafe-function/. Accessed: 27/08/2014. 57
[51] ArduPilot. Geofencing. http://plane.ardupilot.com/wiki/geofencing-3/.
Accessed: 30/08/2014. 59
[52] ArduPilot. APM Advanced Failsafe. http://plane.ardupilot.com/wiki/
advanced-failsafe-configuration/. Accessed: 27/08/2014. 59
[53] QGroundControl. MAVLink Micro Air Vehicle Communication Protocol. http://
qgroundcontrol.org/mavlink/start. Accessed: 11/06/2014. 61
[54] C Magazine. General information computer technology reference page. http:
//www.pcmag.com/encyclopedia/. Accessed: 08/06/2014. 62
[55] eWon. Telecommunications equipment seller webpage. http://wiki.ewon.
biz/Support/06_Knowledge_Base/Questions_and_Answers/Difference_
between_RawTCP_and_RFC2217_(Telnet). Accessed: 108/06/2014. 63
[56] elLinux. Use of Linux in embedded systems wiki: Raspberry Pi compatible web-
cameras. http://elinux.org/RPi_USB_Webcams. Accessed: 12/06/2014. 64
[57] Raspberry Pi. Camera module. http://www.raspberrypi.org/product/
camera-module/. Accessed: 28/08/2014. 64, 65
[58] Raspberry Pi. Raspberry Pi Camera Module bash documentation. http://www.
raspberrypi.org/documentation/raspbian/applications/camera.md. Ac-
cessed: 02/09/2014. 66
[59] IEEE 802. IEEE 802 LAN/MAN Standards Committee protocol information web-
page. http://www.ieee802.org/15/pub/TG4.html. Accessed: 12/06/2014. 67
[60] ITU. Radio Regulations - Articles. 2012. 68
[61] Wikipedia. The general encyclopedia: ISM Band general information. http://en.
wikipedia.org/wiki/ISM_band. Accessed: 12/06/2014. 68
[62] Digi. XBee®802.15.4. http://www.digi.com/products/
wireless-wired-embedded-solutions/zigbee-rf-modules/
point-multipoint-rfmodules/xbee-series1-module#specs. Accessed:
01/08/2014. 68
BIBLIOGRAPHY 103
[63] MINISTERIO DE FOMENTO, GOVIERNO DE ESPAN˜A. EL USO DE LOS DRONES
EN ESPAN˜A. Madrid. 73
[64] Federacio´ Ae`ria Catalana. Aeromodelisme - Camps de vol re-
coneguts. http://www.fac.cat/ca/especialitats/aeromodelisme/
camps-de-vol-reconeguts_108.html. Accessed: 27/08/2014. 73
[65] Club Aeromodelisme Pla de Vent. Club’s webpage. http://www.pladevent.
com/. Accessed: 27/08/2014. 73
[66] Electropaedia. Nickel Cadmium Batteries. http://www.mpoweruk.com/nicad.
htm. Accessed: 30/08/2014. 1
[67] Wikipedia. Nickel-cadmium battery. http://en.wikipedia.org/wiki/Nickel%
E2%80%93cadmium_battery. Accessed: 30/08/2014. 1
[68] Battery World. Part One: Things You Should Know About Your Battery:
Nickel-Cadmium Batteries. http://www.batteryworld.com.au/articles/
things-you-should-know-about-your-battery-part-1-nickel-cadmium-batteries.
Accessed: 30/08/2014. 1
[69] Battery University. Nickel-based Batteries. http://batteryuniversity.com/
learn/article/Nickel_based_batteries. Accessed: 30/08/2014. 1
[70] Red Rocket Hobby Shop. Battery Basics. http://www.redrockethobbies.
com/RC-Airplane-Battery-Basics-s/263.htm. Accessed: 30/08/2014. 1
[71] Battery University. What’s the Best Battery. http://batteryuniversity.com/
learn/article/whats_the_best_battery. Accessed: 30/08/2014. 2
[72] Battery University. Li-polymer Battery: Substance or Hype? http:
//batteryuniversity.com/learn/article/the_li_polymer_battery_
substance_or_hype. Accessed: 30/08/2014. 2
[73] Wikipedia. Lithium polymer battery. http://en.wikipedia.org/wiki/
Lithium_polymer_battery. Accessed: 30/08/2014. 2
[74] Wikipedia. Lithium-sulfur battery. http://en.wikipedia.org/wiki/Lithium%
E2%80%93sulfur_battery. Accessed: 30/08/2014. 2
[75] Wikipedia. Lithium-air battery. http://en.wikipedia.org/wiki/Lithium%E2%
80%93air_battery. Accessed: 30/08/2014. 2
[76] Micropilot. Home page. www.micropilot.com. Accessed: 29/08/2014. 3
[77] Airwave. Home page. http://www.airware.com/. Accessed: 29/08/2014. 3
[78] U-Pilot. Home page. http://www.airware.com/. Accessed: 29/08/2014. 3
[79] Cloud Cap TECHNOLOGY. Home page. http://www.cloudcaptech.com/
default.shtm. Accessed: 29/08/2014. 3
[80] OpenPilot. Home page. http://www.openpilot.org/. Accessed: 29/08/2014.
3
104 Design and construction of an UAV for plague-control purposes
[81] APM Multiplatform autopilot. Home page. http://ardupilot.com/. Accessed:
29/08/2014. 3
[82] PX4 autopilot. Home page. https://pixhawk.org/. Accessed: 29/08/2014. 3
[83] ardupilot-mega. ArduPlane History. https://code.google.com/p/
ardupilot-mega/wiki/History. Accessed: 30/08/2014. 4, 6
[84] DIYDrones. Introducing the PX4 autopilot system. http://diydrones.
com/profiles/blogs/introducing-the-px4-autopilot-system. Accessed:
30/08/2014. 6
[85] DIYDrones. OpenPilot Revolution finally available! http://diydrones.com/
profiles/blogs/openpilot-revolution-finally-available. Accessed:
30/08/2014. 6
[86] OpenPilot. Revolution Hardware manual. http://wiki.openpilot.org/
display/Doc/Revolution+Hardware+Manual. Accessed: 30/08/2014. 7
[87] 3DRobotics. APM 2.6 Set. https://store.3drobotics.com/products/
apm-2-6-kit-1. Accessed: 30/08/2014. 9
[88] 3DRobotics. APM 2.6 Set. https://store.3drobotics.com/products/
apm-2-6-kit-1. Accessed: 29/08/2014. 10
[89] 3DRobotics. 3DR Pixhawk. https://store.3drobotics.com/products/
3dr-pixhawk. Accessed: 29/08/2014. 13
[90] PX4 autopilot. PX4FMU Autopilot / Flight Management unit. http://pixhawk.
org/modules/px4fmu. Accessed: 29/08/2014. 14
[91] PX4 autopilot. PX4IO Airplane/Rover Servo and I/O Module. http://pixhawk.
org/modules/px4io. Accessed: 29/08/2014. 15
[92] Banana Pi. Banana Pi product description. http://www.bananapi.org/p/
product.html. Accessed: 02/07/2014. 17, 18
[93] Solid-Run. HummingBoard product description. http://www.solid-run.com/
products/hummingboard/. Accessed: 02/07/2014. 18
[94] BeagleBoard. BeagleBone XM product description. http://beagleboard.org/
beagleboard-xm. Accessed: 02/07/2014. 19
[95] BeagleBoard. BeagleBone black product description. http://beagleboard.
org/black. Accessed: 02/07/2014. 19
[96] MinnowBoard. MinnowBoard MAX product description. http://www.
minnowboard.org/meet-minnowboard-max/. Accessed: 02/07/20144. 19, 20
[97] Raspberry Pi. Raspberry Pi documentation: FAQs. http://www.raspberrypi.
org/help/faqs/. Accessed: 02/07/2014. 20
[98] Raspberry Pi. Home page. http://www.raspberrypi.org/. Accessed:
02/07/2014. 20
[99] RcSlot. Radio Controlled vehicles store: Thermal engine picture. http://
www.rcslot.com/radio-control-slot-cars/rc-engines.html. Accessed:
5/07/2014. 25
[100] S. Harvey. Thermal efficiency at maximum work output: New results for old heat
engines. California State Polytechnic University, Pomona, California, 1986. 25
[101] Tesla Motors. Electric car manufacturer website. http://www.teslamotors.
com/roadster/technology/motor. Accessed: 21/08/2014. 26
[102] Electical Know-How. General electrical information web-
page. http://www.electrical-knowhow.com/2012/05/
classification-of-electric-motors.html. Accessed: 21/08/2014. 26
[103] RC Helicopter Fun. Understanding RC LiPo Batteries. http://www.
rchelicopterfun.com/rc-lipo-batteries.html. Accessed: 01/09/2014. 29,
30
[104] ArduPilot. Arming throttle. http://plane.ardupilot.com/wiki/
arming-throttle/. Accessed: 27/08/2014. 33
[105] Ardupilot. Ardupilot plane’s wiki: Common diagnosing problems. http://plane.
ardupilot.com/wiki/common-diagnosing-problems-using-logs/. Ac-
cessed: 30/08/2014. 35
[106] Ardupilot. Ardupilot plane’s wiki: GPS Glitches. http://plane.ardupilot.
com/wiki/common-diagnosing-problems-using-logs/#GPS_glitches. Ac-
cessed: 30/08/2014. 36
[107] John D. Anderson Jr. Introduction to Flight, chapter 7, pages 357–409. McGraw-Hill,
1989. 47
[108] NASA. Wing Gemoetry Definitions. http://www.grc.nasa.gov/WWW/k-12/
airplane/geom.html. Accessed: 11/07/2014. 47
[109] David F-Anderson & Scott Eberhardt. Understanding flight, chapter 4, pages 97–
100. McGraw-Hill, 2 edition, 2001. 47

APPENDICES
TITLE: Design and construction of an UAV for plague-control purposes
DEGREE: Grau en Enginyeria d’Aeronavegacio´
AUTHORS: Coen Duijneveld
Alberto Garcı´a
ADVISOR: Oscar Casas
DATE: September, 2014

APPENDIX A. BATTERIES
Batteries are devices that convert stored chemical energy into electrical energy. This en-
ergy is then used as power source for electric and electronic equipment.
Batteries are mainly classified as primary and secondary batteries. Primary batteries
convert chemical energy into electrical energy irreversibly, that is, when the supply of
reactants is exhausted, the reaction ends and cannot be restored. This batteries are
non-rechargable and thus can only be used once and when depleted they must be dis-
carded. Secondary batteries, instead, can have the chemical reaction restored and are
thus rechargable. Recharging a battery is achieved by supplying electrical energy to the
cell. [Reference]
In this project secondary batteries are the preferable choice because they cope better with
high demand current than the primary ones. And the fact that they can be recharged allows
reusing them over and over again without having to replace them which would add an extra
cost.
Every device has its own power requirements, these requirements determine the needed
power source and thus, the type of battery. In this section, a brief study of the types of
batteries that are available in the market is presented in order to determine which type is
best for the purpose of this project.
A.1. Nickel-Cadmium (NiCd) batteries
Invented in 1899 and commercialized in the early 1960’s[66], NiCd batteries were very
popular in RC models because they were a great improvement over the lead-acid batteries.
[67] Among their advantages is the cost, NiCd batteries are very inexpensive. They are
suitable for applications that require high current load[68], and they can provide over 1 000
charge/discharge cycles with proper maintenance [69]. The drawbacks of this batteries
are their relatively low energy density compared to newer batteries, their inherent memory
effect and the fact that they are environmentally unfriendly because cadmium is a very
toxic element. [69]
A.2. Nickel-metal hydride (NiMH) batteries
This type of battery presented a considerable improvement since they provide 40 % higher
specific energy than the standard NiCd for the same size and weight and its main advan-
tage is the absence of toxic substances. Among its advantages, there’s the fact that they
do not suffer memory effect that appears for improperly discharging the battery. [69] [70]
But instead, they allow less charge/discharge cycles than NiCd, they are more difficult to
charge due to heating issues, they have a high self-discharge ratio and rather limited dis-
charge current. Although they are capable of delivering high discharge currents, it reduces
the battery’s life considerably. Best results are achieved with load currents of 0.2C to 0.5C.
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A.3. Lithium-ion (Li-ion) batteries
The energy density of the Li-ion is typically twice that of the standard NiCd with almost no
maintenance. There is no memory effect and no scheduled cycling is required to prolong
the battery’s life. The self-discharge ratio is less than half compared to NiCd.
However, they also have drawbacks: They are fragile and require a protection circuit to
maintain a safe operation, this circuit limits the peak voltage of each cell during charge
and prevents the cell voltage from dropping too low on discharge, the cell temperature is
also monitored. The maximum charge and discharge current is limited to between 1C and
2C.
Capacity deterioration is noticeable after one year and over two or three years, the battery
frequently fails. They are also more expensive, with about 40 % more cost than its NiCd
counterpart. [71]
A.4. Lithium-Polymer (LiPo) batteries
Lithium-polymer batteries have recently become very popular in model aircraft for their low
weight and high density energy. These batteries come in a flexible foil-type case, while
a standard Li-ion needs a rigid case to press the electrodes together. This results in a
reduction of weight of more than 20 % and the fact that LiPo batteries can be made in
almost any shape. These batteries can provide discharge rates larger than 70C without
affecting the battery’s health. [72] [73]
The main problem of this type of battery is its trend to spontaneously burn when punctured
or when improperly charged. They can burst into flames even after half an hour after it
has been damaged. Special safety measures have to be followed for a safe use of these
batteries. See annex E for information on these safety precautions.
A.5. Others
There are other batteries that are currently under development that seem very promising.
With much higher specific energy and lower weight they could one day change the way
electric vehicles are currently used by means of increasing their autonomy.
The lithium-sulfur battery has been demonstrated to have up to twice as much specific
energy than Li-ion batteries. They are able to provide up to 1500 charge/discharge cycles.
[74]
Lithium-air batteries have an extremely high specific energy that can theoretically be 20
times larger than the just mentioned lithium-sulfur batteries. [75]
There are many other batteries that are still under development and are not mentioned in
this document.
APPENDIX B. AUTOPILOT
In this section a study of some of the available options in the market is presented. It is very
important to consider several autopilots because there is always one that suits better than
the others in terms of functionality and cost.
Note that the option of designing and building one has not been considered. Although it
is a viable option, it is difficult and very time consuming and it is not the purpose of this
project, so only commercial autopilots are considered.
B.1. Available options
There are several commercial options when it comes to choosing an autopilot, with the
price ranging from hundreds to thousands of euros. But, this being a low budget project
that is trying to convert an RC plane into an UAV, the interest will by lying at the low end
of the price. Table B.1 shows some of the available autopilots. Note that some more
expensive autopilots have also been included just for comparison
Autopilot Price
Micropilot [76] $1 500 - $8 000
AirWave [77] $3 900 - $6 900
U-Pilot [78] 4 240 e
Piccolo [79] $35 000
OpenPilot Revolution Platform [80] $130 ∼ $200
APM 2.6 [81] $160 ∼ $340
Pixhawk [82] $200 ∼ $200
PX4FMU [82] $150 ∼ $200
Table B.1: Available autopilots Per actualitzar
From table B.1 it can be noted that there are four autopilots with similar prices, and the
others that are much more expensive, cost between 10 and 100 times as much. These
”inexpensive autopilots” are the ones that have been studied:
• OpenPilot Revolution
• APM 2.6
• Pixhawk
• PX4FMU
These four autopilots have one thing in common, they are all from Open Source projects.
This fact is a point in favour because everything from code to hardware schematics is
freely available to anyone and their licenses allow for modifications and distribution and
even make commercial profit from them.
In this section each autopilot is going to be analysed to determine which one fits best this
project’s objectives. No introduction will be made regarding each autopilot, for information
about each one of them see references at the table. The decision about which autopilot to
choose will be based on the following aspects:
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• CPU
• Community
• Maturity of the hardware/software
• Price
• Features
All these elements do not have equal weight in the decision. In this project the community,
the maturity of the project and the price of the autopilot are considered to be the three
items that matter most.
To achieve this comparison at a glance, table B.2 has been made.
Comparison Table
Revolution APM 2.6 Pixhawk PX4FMU
CPU
Processor STM32F405RGT6 ATMEGA2560 STM32F427 STM32F405RGT6
RAM 192 kB 8 kB 256 kB 192 kB
Clock 168 MHz 16 MHz 168 MHz 168 MHz
Flash 1 MB 256 kB 2 MB 1024 kB
Bits 32 8 32 32
FPU Yes No Yes Yes
Failsafe co-processor Yes No Yes Yes
Price
Board $130 $160 $200 $200 (PX4+IO)
GPS $50 $90 $80 $90
Telemetry radio $35 $100 ($50 each) $100 ($50 each) $100 ($50 each)
Total $200 $340 $400 $390
Misc
Comm. Protocol UAVTalk MAVLink MAVLink MAVLink
Table B.2: Quick autopilot comparison
Note in the price section that the total price is not necessarily the sum of the individual
components. The seller may sell the entire pack cheaper than buying all the components
individually. Another important element to consider is that the peripherals included in the
table are the ones that are recommended by the developers of each board. Using 3rd party
peripherals is possible but would result in a much more thorough study consuming much
more time.
There are lots of possible choices regarding GPSs and radios but focusing on the recom-
mended ones, narrows the search significantly and saves a lot of time.
Thanks to table B.2, the comparison becomes much simpler.
B.1.1. CPU
The APM 2.6 has the poorest computational power of the four. It uses the ATMega2560
microcontroller which has been using since April 2011 when it migrated from the Atmel
1280 processor. [83]
The Pixhawk however, is far superior, it has 32 times more RAM, 10 times more clock
speed, 8 times more flash memory, it has a 32 bit microcontroller instead of 8 and it sup-
ports FPU among other improvements. The other two autopilots have similar characteris-
tics to those of the Pixhawk, so they have better specifications than the APM 2.6
B.1.2. Sensors
Sensors are note considered as a determining factor since they all perform their job with
enough accuracy. The Revolution, the APM2.6 and the PX4FMU use the same suite of
sensors, and the Pixhawk adds an extra gyroscope.
B.1.3. Price
The price is the most limiting factor. It is important to look at the other features but if the
improved features imply a far superior cost, then they become irrelevant.
• The OpenPilot project sells the Revolution Hardware Kit for $200 and it includes the
board, a GPS module and a ground radio module among other hardware like an
antenna and some connectors. The revolution board has a built-in radio.
• The APM 2.6 is sold by 3DRobotics for $340 including the board, the power module,
a GPS, two telemetry radios and the connectors.
• The PX4FMU can be purchased individually and alongside its IO module, which
is necessary to accomplish this project requirements. It is sold by 3DRobotics for
$200. The GPS and telemetry radios are bought separately and increase the price
to $390.
• The Pixhawk is the most expensive, it costs $400 including the board, the GPS, 2
telemetry radios and a power module.
Not all autopilots include the same hardware, for example, the APM 2.6 and the Pixhawk
include in its price the Power Module. What the Power Module does is from the main
battery it regulates the voltage to power the board and its also includes sensors to measure
the voltage and current of the battery. The other two boards also need to have a regulator
and is not included in the price.
The Revolution board is the most economic board of the four.
B.1.4. Community
The community behind the autopilots is a very important factor to consider because it
gives an idea of the amount of people that uses it, thereby it is a measure of quality. The
community determines the amount of information that can be found on the internet and the
number of people that can help if a persisting problem arises. If an open source autopilot
has a poor community, trying to look for help can become an arduous task, and if found,
the probability that a person can help is much less than if the community is large with lots
of people working on it.
OpenPilot’s project has a large community of users and developers but the APM2.6 has
an even larger community. The community is the biggest advantage of the APM against
all its rivals, to handle all its user’s requests and related threads, it has a dedicated
webpage called DIYDrones http://diydrones.com/ whose founder is also founder of
3DRobotics, manufacturer and seller of the boards. The PX4FMU and the Pixhawk share
also this community which makes it even larger since 3 autopilots use it.
A way of measuring how big a community is, is by looking them up in Google: The number
of results that appear will give a good idea about its size. When looking for an autopilot,
the first results that come up are also an indication about how good the product is and the
number of users. The results are the following:
• Ardupilot: 792 000
• OpenPilot: 306 000
• Pixhawk: 277 000
• PX4 autopilot: 58 600
• PX4FMU: 18 000
Note that this methodology must be taken as an approximation, because the results can
actually be misleading. For example, introducing PX4FMU brings very little results com-
pared to the other autopilots. However, if the project’s name is introduced, that is, PX4, it
will bring more than 900 000 results. What happens is that PX4 is not only the project’s
name, but also some other products that have the same name, in this case, a gun and a
wireless surround system headset for gaming consoles.
B.1.5. Maturity hardware/software
The maturity of the hardware/software has been labelled as he most important factor,
because it is a measure of the reliability of the product. An autopilot that has been more
time in the market, means that has been used by more people, has been more tested and
it has experienced more development phases that have improved it. In newer hardware,
instead, there has been no time to perform tests and bugs are more likely to appear making
the product less reliable.
The Pixhawk is the newest one, it began shipment early this year (2014), this means that
there has been no time for the users to test it, so it is not as reliable as other hardware that
has been in the market for a long time and has been more tested.
The PX4FMU started to be available in July 2012 and only 2 years have passed. [84]
The APM 2.6 is the latest hardware of the Ardupilot project, but its first version was re-
leased in January 2009 [83]. the hardware has been modifified such as a change in micro-
controller and the software has been being improved ever since. This gives the APM 2.6 a
greater advantage since it has experienced 5 years of development.
OpenPilot started as a project in 2009, when ardupilot was already being used. And the
revolution board came out in 2012 [85].
The conclusion is clear, the APM2.6 has the most mature hardware and software, it has
been tested for a long time by a large community of users which makes it the most reliable
of all four autopilots.
B.1.6. Result
The APM2.6 has been selected as the best choice because of its vast community and
its maturity. The first board came out when the other projects didn’t exist yet and the
community is also the largest of all four, which is a big point in its favour.
The price is not the lowest since OpenPilot’s Revolution board costs around $30 less and
it includes a built-in radio. And the peripherals are much cheaper, which results in a total
of $140 dollars less. Nevertheless, as stated previously, it appeared in 2012 when the
ardupilot had already 3 years of testing.
As for the hardware, it is certainly clear that the APM 2.6 has been exceeded by the
other boards, but if programmed wisely and efficiently, hardware limitations become less
important giving up to other factors such as the reliability.
B.2. OpenPilot Revolution Platform
The Revolution Platform is the product of the OpenPilot project that is trying to create the
next-generation Open Source UAV autopilot. A 3D computer generated image of the board
can be seen in figure B.1.
Figure B.1: Computer generated image of the OpenPilots’ Revolution autopilot board [86]
B.2.1. CPU
It uses the STM32F405RGT6 32-bit microcontroller, with ARM Cortex-M4 core at 210
MIPS (Million Instructions Per Second), FPU, and saturation arithmetic DSP functions. It
has 1 MB of flash storage space, 192 kB of RAM and it runs at 168 MHz. It features a
range of built-in hardware modules that can be programmed once and function indepen-
dently, requiring from little to no CPU overhead. These include 14x multichannel timers, 3x
synchronous-sampling ADC serving up to 24 channels, 2 DAC, matrix memory controller
with 16-stream DMA. Communication modules include USB2.0, 3x I2C, 3x SPI, 4x USART,
2x CAN and SIDO. All these modules can be configured for accessing the chip pins using
a flexible switch matrix, or disabled to save power. [86]
B.2.2. Wireless communications
It features a built-in 433 MHz OPLink Modem, a two-way radio system allowing real time
telemetry information for the Ground Control Station, Wireless Configuration and even
Radio Control from a transmitter over a single communications link. The modem is directly
powered from the board itself. It can communicate up to 192 kbps and transmits up to 100
mW and it can be configured to comply with local regulations.
A second modem is needed in the ground station to communicate with the board. The
radio has a simple micro USB connection and can be completely configured using the
OpenPilot GCS.
For telemetry communications it uses the UAVTalk protocol, a highly efficient, extremely
flexible and completely open binary protocol designed specifically for communication with
UAVs. (Licensed under the Creative Commons BY-SA license)
Features:
• Multiple ISM bands (433 MHz, 868 MHz or 915 MHz) and can communicate up to
192 kbps (256 in time).
• Direct USB connectivity
• Single cable connection to OPCC, CC3D or Revo.
• FlexiPort supports transparent PPM Input/Output & RSSI Output.
• AES128 encryptation.
• UABTalk protocol to optimize to optimze transmission (Open Source)
• Will support multiple point to point connections (future release)
• Cortex M3 72 MHz processor - compatible with other OP hardware.
• Fully configurable via the OpenPilot GCS.
• All OPLink Radio Modems are compatible with each other as long as they are on
the same band.
B.2.3. OpenPilot GPS v8
Features
• Based on the NEO-6Q GPS series
• Same footprint as CC or CC3D
• Genuine 5 Hz GPS update rate
• Multi-path detection compensation
• -162 dBm ultra-high sensitivity
• 50 channels
• Low power consumption without sacrificing performance
• Hybrid GPS/SBAS engine (WAAS, EGNOS, MSAS)
• Anti-jamming technology
Specifications:
• Dimensions: 36x36x12 mmm
• Weight: 10.7 g
• Input Voltage: +4.8 V (+15 V maximum)
• Current draw: 60 mA / 40 mA (Acquisition / Tracking)
• RoHS Compliant
B.2.4. Software
The Ground Control Station for the Revolution autopilot is free to download from the Open-
Pilot project website, and it is used to configure the hardware and acts as an interface with
the aircraft during flight. The GCS is available for all major operating systems, Windows,
Mac OS, Linux, and there is even a version for Android. It supporta HITL and SITL
B.2.5. Documentation
The documentation is very extensive explaining in detail every aspect of their hardware/-
software and how to use it. It is regularly updated.
B.2.6. Price
OpenPilot sells the Revolution Hardware Kit that includes the Revolution board with in-built
OPLink Modem, GPS, 433 MHz antenna, an OPLink Mini 433 MHz 100 mW modem and
some extra hardware for connections for $199.99 Individually each component has the
following price
• OpenPilot Revolution: $129.95
• OpenPilot V8 GPS: $49.95
• OPLink Mini Modem: $34.95
B.3. APM 2.6
The APM 2.6 is a complete open source autopilot system and the bestselling technol-
ogy that won the prestigious 2012 Outback Challenge UAV competition. It was originally
based on the Arduino Mega board, so it features the ATMega2560 microcontroller and
the ATMega32U2 chip for USB functions. The board includes 3-axis gyro, accelerometer
and high-performance barometer. It has an onboard 4 MB dataflash chip for automating
datalogging. [87]
There is also some extra hardware specifically designed for the APM such as a GPS/Com-
pass module, a power module to provide power to the board from the main battery and a
telemetry set to communicate with the aircraft while in flight.
An image of the APM 2.6 autopilot can be seen in figure B.2
The board has several presoldered pins as can be seen in the above figure. The Input pins
are used to receive the signal from and RC receiver, the Output pins control the servos
or ESC for the motor. And then, at the side it has 9 pins that can be used as digital I/O
Figure B.2: Photo of the APM 2.6 board [88]
or analog inputs. The board has some pins dedicated to the wireless telemetry, GPS and
Power Module.
B.3.1. GPS module
The GPS module incorporates the HMC5883L digital compass. On previous version of the
APM board, both the GPS and compass where built-in, however they are now built into a
seperate module so they can be placed away form interference sources
Features and specifications
• uBlox LEA-6H module
• 5 Hz update rate
• 25x25x4 mm ceramic patch antenna
• LNA and SAW filter
• Rechargable 3 V lithium backup battery
• Low noise 3.3 V regulator
• I2C EEPROM for configuration storage
• Power and fix indicator LEDs
• Protective case
• APM compatible 6-pin DF13 connector
• Exposed RX, TX, 5V and GND pad
• 38x38x8.5 mm total size
• Weight: 16.8 g
B.3.2. APM Power Module
The Power Module provides a simple way of powering the APM from a LiPo battery as well
as current consumption and battery voltage measurement. Its switching regulator outputs
5.3V and a maximum of 2.25A from up to a 4S LiPo battery. The Power Module is intended
to supply for the APM board, the GPS, the wireless telemetry and an RC receiver.
Specifications
• Max input voltage: 18 V
• Max current sensing: 90 A
• Voltage and current measurment configured for 5 V ADC
• Switching regulator outputs 5.3 V and 2.25 A max
• 6-pos DF13 cable plugs directly to the APM 2.6’s PM connector.
B.3.3. 3DR Radio Set
The radio set allows communicating to the autopilot in flight from a Ground Station com-
puter
Specifications
• Interchangeable air and ground modules
• 915 or 433 MHz
• Micro-USB port
• 6-position DF13 connector
• 100 mW maximum output power (adjustable)
• -117 dBm receive sensitivity
• Based on HopeRF’s HM-TRP moduleRP-SMA connector
• 2-way full-duplex communication through adaptive TDM
• UART interface
• Transparent serial link
• MAVLink protocol framing
• Frequency Hopping Spread Spectrum (FHSS)
• Configurable duty cycle
• Error correction corrects up to 25% of bit errors
• Open-source SIK firmware
• Configurable through Mission Planner and APM Planner
• Supply voltage: 3.7-6 VDC (from USB or DF13 connector)
• Transmit current: 100 mA at 20 dBm
• Receive current: 25 mA
• Serial interface: 3.3 V UART
• 26.7 x 55.5 x 13.3 mm (without antenna)
B.3.4. Ground Control Software
The Ground Control Software allows configuring the APM’s hardware and communicating
with it during flight. There are several programs that are compatible with APM and support
all major operating systems, including Android.
The following is a list of GCS and the platform they support:
• Mission Planner: Created by Michael Oborne and programmed in C#. It can run on
Windows and on Linux machines under Mono.
• QGroundControl: Cross platform GCS using the QT libraries. It is available for Win-
dows, Linux and Mac.
• APM Planner: Based on QGroundControl but made to look like more like Mission
Planner. Since it is based on QGroundControl it is also a multiplatform application
supporting Windows, Linux and Mac.
• AndroPilot: GCS for Android.
• DroidPlanner: GCS for Android.
B.3.5. Community
Since it was initially based on the Arduino platform, its community has been very large
since the beginning. The documentation in its official wiki is extensive and lots of informa-
tion can be found in the forums or by asking to other users who are willing to help.
B.4. Pixhawk
It is and advanced autopilot system designed by the PX4 open-hardware project and man-
ufactured by 3DRobotics. It features advanced processor and sensor technology from
ST Microelectronics and a NuttX real-time operating system, delivering incredible perfor-
mance, flexibility, and reliability for controlling any autonomous vehicle.
The benefits of the Pixhawk system include integrated multithreading, a Unix/Linux-like
programming environment, completely new autopilot functions such as Lua scripting of
missions and flight behavior, and a custom PX4 driver layer ensuring tight timing across
all processes. Pixhawk allows existing APM and PX4 operators to seamlessly move to this
system.
It is a PPM-input autopilot, which means that it gets RC input from a single cable to the
receiver. A PPM encoder must be used if the receiver does not support PPM. Most modern
receivers do.
In figure B.3 it can be seen a photo of the board.
B.4.1. Specifications
Microcontroller
• 32-bit STM32F427 Cortex M4 core with FPU
• 168 MHz
• 256 kB RAM
• 2MB Flash
• 32-bit STM32F103 failsafe co-processor
Sensors
• ST Micro L3GD20 3-axis 16-bit gyroscope
• ST Micro LSM303D 3-axis 14-bit accelerometer / magnetometer
Figure B.3: Photo of the Pixhawk board [89]
• Invensense MPU 6000 3-axis accelerometer / gyroscope
• MEAS MS5611 barometer
Interfaces
• 5x UART (serial ports), one high-power capable, 2x with HW flow control
• 2x CAN
• Spektrum DSM / DSM2 / DSM-X Satellite compatible input up to DX8 (DX9 and
above not supported)
• Futaba S.BUS® compatible input and output
• PPM sum signal
• RSSI (PWM or voltage) input
• I2C
• SPI
• 3.3 and 6.6 V ADC inputs
• External microUSB port
B.5. PX4FMU
This autopilot comes from the same open source project as the PixHawk. It is a high-
performance autopilot-on-module suitable for fixed, multi rotors, helicopters, cars, boats
and any other robotic platform that can move. It is targeted towards high-end research,
amateur and industry needs.
A 3D computer generated image of the board can be seen in figure B.4
B.5.1. Specifications
Key features
Figure B.4: Computer generated image of the PX4FMU autopilot board [90]
• 168 MHz / 252 MIPS Cortex-M4F
• Hardware floating point unit
• POSIX-compatible RTOS
• SIMD extensions
• 192 kB SRAM / 1024 kB flash
• USB Bootloader (software updates, Windows, Linux, Mac OS supported)
Sensors
• ST Micro L3GD20 3-axis 16-bit gyroscope
• HMC5883L 3-axis magnetometer
• Invensense MPU 6000 3-axis accelerometer / gyroscope
• MEAS MS5611 barometer
Interfaces
• 4x UART (serial ports), 2x I2C, 1x SPI, 1x CAN
• External magnetometer port (I2C1 or I2C3)
• microSD slot
• PPM / RC control input (sum signal format, many compatible receivers, all channels
on one connector)
• Up to 8 GPIOs, 2x 2.25 mA high power, up to 4 PWM(servo out)
• Battery sense(1-18 V), Buzzer (up to 1 A, VBAT driven)
• Reverse polarity protection on all power inputs
• Buzzer (PWM) output
• JTAG / SWD (ARM-Mini 10 pos / 0.05” connector)
PX4 is an expandable, modular system. There is a module designed to increase the
number of Inputs and Outputs of the board so that it can control more servos and perform
additional functions. PX4IO is the Input/Output module for fixed-wing aircraft and rovers
with four relays, servo failsafe and manual override.
• 24 MHz Cortex-M3 failsafe microcontroller
• 7-17 V wide supply in, 5 V / 2 A output
• Reverse polarity protection on all power inputs
• 8 high-speed servo outputs (up to 400 MHz)
• Futaba S.Bus compatible servo output
• PPM, Spektrum and Futaba S.Bus compatible receiver inputs (PPM in sum signal
format, many compatible receivers, all channels on one connector)
• 2x 0-40 V, 1 A solid-state relays (MOSFET)
• 2x 5 V, 500 mA current-limited, switched 5 V power outputs
• Analog port with voltage divider (differential pressure sensors)
• PX4 Expansion bus (Stacked on PX4FMU)
• 50x36x14 mm, 20 g, 30x30 mm M3 mounting
Figure B.5 shows a 3D computer generated image of the PX4IO board both from above
and below
(a) Board from above (b) Board from below
Figure B.5: PX4IO Board from above and below [91]

APPENDIX C. ONBOARD COMPUTERS
To successfully achieve some of the requirements involved in this project, it is mandatory
to use some kind of additional, more powerful board dedicated just to act as an onboard
computer. During the last years, there has been a broad development related to these
systems, and in that event, a lot of alternatives to choose on, have come to light.
C.1. Board requirements and alternatives
The main characteristics that the system had to fulfill are defined as follows:
• Price ranging between 20 e and 100 e.
• Weight underneath 100 g.
• Internet connectivity.
• Real-time data handling, transmission and storage capability.
• Capacity to stream a video to the internet.
• Equipped with a large number of compatible applications, software and libraries.
• Capable to deal with the information received from external devices
• Capable to control several simple electronic devices, such as LEDs, servos or speak-
ers.
• Enhanced with a large community of users.
The devices that achieved most of these characteristics are listed below:
C.1.1. Banana Pi
Banana Pi is a single-board computer built with ARM Cortex-A7 Dual-core CPU at 1 GHz
and Mali400MP2 GPU (see figure C.1). It has 26 GPIO pins.
This board is equipped with 1 GB DDR3 DRAM, and is capable to display fullHD video
and to connect to the internet. The operating systems it is able to run include well-known
systems such as: Ubuntu, Debian or Android 4.4.
It weights 48 g and has reduced dimensions, it is 60 mm wide and 92 length. It also
includes a CSI camera connector. The internet connection can be delivered to the board
via an Ethernet port, or via one of the two USB available, there is also an OTG micro USB
port.
The video and audio can be extracted via HDMI or via the A/V video output port and a 3.5
mm audio jack. [92]
The cost of the board verified at Amazon.es is 69.99 e.
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Figure C.1: Banana Pi board picture [92]
C.1.2. HummingBoard
The HummingBoard (see figure C.2) can be found with three different configurations de-
pending on the specifications level. The lower specification level costs $44.99 at the man-
ufacturer’s website, while the high-end specification level costs $99.99, also at the manu-
facturer’s website. It can’t be found at Amazon.es and the shipping costs to Spain are not
included.
The processors start from a 32-bit single core running at 880 MHz to a 64-bit dual-core
running at 2 GHz. The RAM memory has two possible values, 512 MB or 1024 MB. All the
specification levels include two powered USB ports, a 2 lane CSI port and both, and HDMI
video and audio output, an AV analog video output and 26 GPIO pins. [93]
Figure C.2: HummingBoard picture [93]
C.1.3. BeagleBone
As the HummingBoard, this board is distributed as several versions with different levels of
specification. The higher specification level is called BeagleBoard-xM (see figure C.3 (a))
and comes with a single core ARM Cortex A8 processor running at 1 GHz. It has 512
MB of RAM memory and Ethernet, DVI-D, S-Video and 4 USB 2.0 as ports. This board is
compatible with Ubuntu, Android and even XBMC.[94]
The lower specification level, is called BeagleBone Black (see figure C.3 (b)) . As its larger
brother, it uses an ARM Cortex A8 processor also running at 1 GHz and has 512 MB of
RAM. But it has 2 USB ports instead of 4. The other connectors are Ethernet, 92 pin
headers and a micro-HDMI. [95]
This board is capable of running Linux Debian, Ubuntu and Android. As for the cost, this
board starts at $45 at the manufacturer’s website.
(a) BeagleBoard-xM picture (b) BeagleBone Black picture
Figure C.3: Two-specification levels of the BeagleBone pictures [94][95]
C.1.4. MinnowBoard
This is Intel’s alternative to the other micro-computers on the market (see figure C.4), it
equips a 64-bit Intel Atom E38xx processor. It has two specification levels, the highest one
costs $139 at the company website and implements a dual core at 1.33 GHz processor
and 2 GB or RAM while the lower level is outfitted with a single core at 1.46 GHz processor
and just 1 GB or RAM.
It includes an Intel HD Graphic card and a full-size HDMI output, one USB 3.0 and one
USB 2.0, one Ethernet port, a SATA2 port and 8 GPIO pins. The board size is 99x74 mm.
Debian and Android are included in the compatible OS. [96]
Figure C.4: MinnowBoard MAX picture [96]
C.1.5. Raspberry Pi model B
The Rasperry Pi (see figure C.5) was the pioneer of the micro-computer boards. Its main
advantages in front of the others are its reliability, a large community of users, a low price,
and decent specifications [97]:
It equips an ARM11 processor running at 700 MHz and 512 MB of RAM. One of its main
advantages is that it equips a dedicated device to graphics and also has a unique Linux
distribution specifically developed to be used by the board called Raspbian.
As for the available ports, it includes two USB ports, two CSI ports, an Ethernet port, a
full-sized HDMI port, an audio jack port, an analog video output and 26 GPIO pins.
This board has a typical credit-card size (86 mm x 56 mm) and the weight is just below the
50 g. [97]
Figure C.5: Raspberry Pi Model B+ picture [98]
Note that the specifications of the board are the ones for the Raspberry Pi model B, but
the shown picture is a Raspberry Pi Model B+.
C.2. Boards comparison
By taking a look at the different boards analyzed in this annex, the reader will find out that
there are several alternative on the market, and also that each one is unique and equips
different gear and has distinct hardware. Thus, to compare the most relevant character-
istics several plots are going to be used as a way to express the results, and to do so, a
benchmark has been created for each hardware component or characteristic, where the
maximum value will be the reference and the other boards will be compared to this value.
C.2.1. CPU
To compare the processors, two main parameters will be analyzed: the clock frequency
and the number of cores, with these attributes the obtained plot is defined as the one in
figure C.6):
Figure C.6: CPU Benchmark plot
Remember that this comparison is simple, 100 points of the benchmark are given to the
best board, in this case the HummingBoard High-spec level. And then the points that are
assigned to the other boards depend on their similitude with the best one.
C.2.2. RAM
As for the processor, the best value for all the boards is considered as the reference for
the other ones, in this case just the amount of RAM has been considered, and not its
frequency (see figure C.7):
C.2.3. Connectivity
This section of the comparison is the one that involves more parameters, because all the
input and output ports will be compared, each GPIO pin will be computed as a 1 % of an
USB port which will be considered as the reference port. The other ports will be counted
as a 50 % of each USB port.
Figure C.7: RAM Benchmark plot
The result is summarized at figure C.8
Figure C.8: Connectivity Benchmark plot
C.2.4. Community of Users
Another relevant parameter related not with the board itself, but with their users. A large
community of users implies more people testing and developing applications and projects
for the board, and therefore increases the feasibility to find applications similar to the ones
that are intended to be developed. This is one of the most important parameters of the
comparison.
The study of this parameter would involve a deep analysis of the market and the online
community’s memberships, and this type of analysis is out of the scope of this project
due to deadline-based reasons. Then, to obtain an idea of the number of users for each of
these boards, Google is going to be used to search for them in order to find out the number
of matches found. This value is a first approximation of the popularity of each board.
The obtained plot according to the previous considerations looks like C.9.
Figure C.9: Community of Users Benchmark plot
C.2.5. Cost
And at last, probably the most important parameter of them all, the cost of the system. The
cost is, in this project and in most of them the most important and restrictive to optimize.
And the main aim of any engineer is to obtain his/her results as fast as possible and with
the lowest cost as possible.
Because some of the boards are sold directly at the manufacturer’s website and some
others don’t, the prices may vary slightly depending on the chosen store (see figure C.10).
Figure C.10: Cost Benchmark plot
C.3. Comparison and selection
With the previous benchmark graphs, determining the strengths and weaknesses of each
board becomes much simpler, but the best option to analyze all of them jointly is to use a
radar plot as C.11.
Basically, the easiest way to analyze this type of charts is to determine which of the boards
covers the larger area, and as can be easily stated, the Raspberry Pi Model B covers
Figure C.11: Radar Benchmark plot comparing all the studied onboard computers
almost twice the area of the subsequent board. Hence, and according to the established
benchmarks, it is the best option that money can buy to achieve the intended results.
Note that the Pi has beaten all its rivals mainly thanks to its gigantic community of users,
the extremely reduced cost and the large number of ports. Whereas it has been completely
overpassed by most of the other boards in the hardware comparison, thus, the result must
be a trade-off between several factors. And the reality is that the Raspberry Pi is the best
alternative in the market to carry out the required tasks.
Finally, notice that this comparison was fulfilled by using the Raspberry Pi Model B since
it was the last available model when the section was written, but the final version of the
project uses a Raspberry Pi Model B+ which, with 4 USB ports instead of 2 and more
GPIO pins, would have won with even more advantage this comparison.
APPENDIX D. ENGINE CLASSIFICATION
The engine is the moving part in charge of increasing the airplane’s speed and altitude,
and overcoming the drag force to maintain a leveled flight. Thus, choosing the correct
engine is a key parameter which will determine the vehicle capabilities.
Within the MAV and the Radio Control Planes world, there are several types of engine
that can be chosen, starting with the type of power source they use, there exists thermal
engines and electric engines.
D.1. Thermal engines
Thermal engines use any type of fuel to generate the power, the fuel, combined with
oxygen generates an explosion that moves a piston (or a set of pistons), and this piston is
connected to a crankshaft that converts the piston’s linear movement into rotation to move
the propeller (see figure D.1).
Figure D.1: Typical 1-cylinder thermal engine layout [99]
The main problem of this type of engines is that a large part of the energy contained by
the fuel is wasted as heat, thus the efficiency of thermal engines is limited by their inherent
nature. [100]
Other problems of this type of engines are: The noise, the pollution, the price of the fuel,
the complexity of having multiple mechanical parts moving, the weight of all this mechani-
cal parts, and the required maintenance.
Besides these inconveniences, this type of engines has a large pro, they can be used with
simply filling the fuel tank any time it is required, with no wait times, therefore they can
remain more time in the air.
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D.2. Electric engines
Electric engines use, instead of a fuel, electrons to generate the movement. The electric
current is used jointly with several magnets in order to generate the rotational motion (see
figure D.2). The engine itself it is only composed by two parts, the rotor (that rotates) and
the stator (that does not rotate). [101]
Figure D.2: Operating principles of an electric motor shown as a diagram [101]
Electric engines, are more efficient (almost no energy is wasted heating the surroundings),
less pollutant, in fact they don’t pollute at all, less noisy and imply less vibrations, complex-
ity and maintenance for the simple fact that they have less moving parts. They are also
cheaper to run, for there is no fuel used, but electricity.
Within the electric type motors, there are several sub-classifications depending, mainly,
on the frequency of the current source used to power them up. This project is not the
framework to start talking about each type of motor, but generally, there are three main
types: [102]
• AC Motors: As their name suggests, they have to be powered up by a sinusoidal
power source. Therefore, to use them with batteries, a tension inverter must be used
adding weight, complexity and less efficiency to the power unit.
• DC Motors: This type of motors can be powered up with a DC power source, making
them more appropriate for small-size applications such as an UAV. Their control is
really simple as well, for there is a direct relationship between the voltage supplied
and the motor speed. They main problem of this type of engines is that they use
brushes to connect the motor winding, this causes brush wear, which reduces the
motor’s performance and efficiency.
• Other Motors: This category includes a set of motors that can’t be placed within
any of the previous two categories, examples of this type of engines are the stepper
motor and the brushless motor.
The stepper motors move, as its name says, at steps, whereas the brushless motors
can achieve a complete rotation. Its operation and actuation is rather similar to the
brushed motors, but instead of using mechanical brushes to turn on the various wire
coils, an ESC (electronic speed controller) is used. The ESC switches the motor
coils on or off rapidly, and is synchronized to the motor axial position, therefore from
the engine point of view is like having an AC power source but from the power point
of view, they can use a DC power source.
These three types of electric engines agglutinate most of the advantages from the two
previous types of engines.
In table D.1, the main characteristics for each type of motor has been compared:
Table D.1: Types of engines main characteristics comparative table
Type of motor Efficiency Complexity Maintenance Environmental impact Running costs Extra equipment required
Thermal Low High High High High Low
DC High Low High Low Low Low
AC High Low Low Low Low High
Brushless High Low Low Low Low Medium
By analyzing table D.1, there is one clear engine to be discarded, the thermal engine.
The DC engines have as main advantage over the other two electric engines, its low extra
equipment required thanks to its direct dependence between speed and input voltage, but
still they require a constant maintenance due to the presence of the carbon brushes which
eliminates them from the selection.
The remaining two engines, then, are the AC motor and the Brushless motor, both are
rather similar, but the extra inverter required to run the AC engine is a clear drawback,
which declines the selection to the Brushless motor for being the best all-rounder of them
all.

APPENDIX E. SAFETY CONCERNS
Since this project included several elements that can be considered as dangerous if no
safety precautions are taken refered to determined elements, therefore, an annex related
with the safety concerns is included.
E.1. Lithium Polymer (LiPo) batteries
Lithium Polymer batteries, generally abbreviated LiPo, are rechargeable batteries that have
gained a lot of popularity in the RC world. This popularity comes from three main aspects
of the battery. [103]
• They are light weight and can be made into several different shapes.
• They have large capacities.
• They have high discharge rates.
However, having batteries that can store a large amount of power implies that more care
has to be taken when handling them, but before explaining the safety recommendations, it
is necessary to explain its ratings.
LiPo batteries come in different voltages, capacities and discharge rates, these ratings
need to be taken into account when choosing a battery.
E.1.1. Voltage
The voltage is defined by the number of cells in series of the battery and each cell has
a nominal voltage of 3.7 volts. Manufacturers indicate how many cells are hooked up in
series by a number followed by an S. So if the battery has three cells in series, its rating
would be 3S.
There are batteries that also hook up cells in parallel to increase capacity, this is indicated
by a number followed by a P (Parallel). [103]
E.1.2. Capacity
The capacity of the battery indicates the amount of energy that it is capable to store, and
it is indicated in mAh.[103]
E.1.3. Discharge rate
The discharge rate indicates how fast a battery can be discharged safely and it is indicated
by the C rating, that is, a number followed by a C. The C comes from capacity and the
number indicates that the battery can discharge at X times the capacity, meaning that if
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the battery has a capacity of 1000 mAh and a C rating of 10C, then the battery can be
safely discharged at 10·1000 mA = 10 A.
Most LiPo batteries show also a burst C rating, which indicates a discharge rates that is
only safe for a few seconds [103]
E.1.4. Charging the battery
A LiPo battery is fully charged when each cell reaches 4.2 V. Overcharging the cells will
damage the battery which will most likely burst into flames. It is very important to charge
the batteries with a charger that is specifically designed to charge LiPo batteries. Care
must also be taking when selecting the cell count in the charger because a wrong setting
can damage the battery permanently. Most modern chargers will warn the user in the case
of a wrong setting. [103]
It is important to read the manual of the charger before attempting to charge the batteries.
The charge current is one of the parameters that can be selected in the charger and it
defines the time it takes to fully charge the battery. It is recommended to charge the
batteries at 1C because it increases their lifespan. Manufacturers state in newer batteries
that they can be charged at greater C ratings, however, the charge current will be limited
to the charger and the power it can deliver. [103]
As stated previously, if a single cell is overcharged the battery would be damaged, so it
is very important that the charger reads the voltage of each battery cell while charging in
order to balance them. LiPo batteries have two connectors, one is the main output and
the other one is used for balancing the voltage. Both connectors must be connected to the
charger. Figure E.1 shows an image of a 5000 mAh LiPo batteries where both connectors
can be seen. [103]
Figure E.1: 5000 mAh battery showing up the two connectors it includes
Chargers can also discharge the batteries, this is very important when having to store a
battery. A LiPo battery is better preserved if it is charged at more or less 38 % of its total
capacity, this is why most chargers have a storage function that will discharge or charge
the battery so that it can be stored in the best conditions possible. It is also recommended
to use the storage function always and not only for long storage times but for a one-day
storage too, because if left at 100 % charge, the battery can swell overnight which reduces
its life.
E.1.5. LiPo batteries safety precautions
“LiPo batteries have the reputation of bursting into flames and burn down houses and cars.”
This quoute might be a little extreme, but is intended to emphasize the safety precautions
that must be taken when handling them, because if handled correctly and with care nothing
bad should happen, but if not the above sentence can become a reality.
LiPo batteries can indeed burst into flames, which can result from improper charging, crash
damage, or shorting the batteries. The following is a list as published by the Academy of
Model Aeronautics in its Membership Manual 2014 of safety precautions when handling
LiPo batteries:
• Store and charge in a fireproof container. NEVER in your model.
• Charge in a protected area that is devoid of combustibles.
• In the event of damage from crashes, etc., carefully move the battery pack to a
safe place for at least a half hour to observe. Physically damaged cells can erupt
into flames. After sufficient time to ensure safety, the cells should be discarded in
accordance with the instructions that come with the batteries. NEVER attempt to
charge a cell with physical damage, regardless how slight the damage is.
• Always use chargers designed for the specific purpose; it’s preferable to have a
fixed setting for your particular pack. Many fires occur while using selectable/ad-
justable chargers that are set improperly. Never attempt to charge Lithium cells
with a charger that is not specifically designed for Lithium cells!
• It is strongly recommended that you use charging systems that monitor, control,
and balance the charge state of each cell in the pack. Unbalanced cells can lead to
disaster if the system permits a single cell in the pack to be overcharged. This means
that the charging system must provide charge cessation as each cell reaches the
proper voltage. If the batteries show any sign of swelling, discontinue charging
and move them to a safe place outside. They could erupt into flames.
• Never plug in a battery and leave it to charge unattended; serious fires have
resulted from this practice.
• Do not attempt to make your own battery pack from individual cells. Use only pro-
fessionally packaged and labeled units which contain safer charging features.
Note that this are recommendations by the Academy of Model Aeronautics but that other
recommendations suggested by other people with extensive experience with LiPo batteries
should always be welcome.
To ensure that most of the introduced conditions, the fire-safe bag shown in figure E.2 was
used to store the batteries.
Figure E.2: LiPo-safe bag used to reduce the risk of initiating a severe fire in the event of
a battery malfunction
E.2. APM Arming Throttle
In electric planes, the propeller is the one thing that one has to be the most careful about
because it can become very dangerous if no safety precautions are taken. When the
throttle is armed, it means that when given an input, the motor will turn alongside the
propeller, and if someone’s hand is in the way, that person will get hurt.
The APM:Plane has a function that requires arming the throttle before it can be turned on.
This is a safety measure that in no way removes the need to respect the propeller, but it
lowers the probability of an accident.
The ARMING REQUIRE parameter controls the behaviour of this function. Three different
configurations are possible.
• 0: Throttle arming is not employed
• 1: Minimum PWM is sent to the throttle’s channel (RC3 MIN PWM)
• 2: No PWM signal is sent to the throttle’s channel
If enabled, arming the throttle is achieved either by the GCS or by applying full right rudder
input for several seconds. In this project, this feature is not used for the following reasons:
• If set to 1, when throttle is not armed, the APM sends to the throttle channel the
minimum PWM stored in the RC3 MIN PWM parameter. This parameter’s value is
populated during radio calibration. This solution does not seem to work properly be-
cause when this minimum value is sent to the throttle, it begins to spin. This problem
could be related to a bad calibration, but it persists every time a new calibration is
made.
• If set to 2, then no signal is sent to the throttle channel. This is probably the best
option since it ensures that no signal is sent to the ESC, and thus the motor should
never turn. However, the ESC used in this project begins to beep if it does not
capture the minimum PWM signal. At [104] it is stated that this behaviour is possible
in some ESCs. This beeping lasts for several seconds, and when it stops, the battery
must be reconnected for the ESC to work again.
If future ESCs do not show this kind of behaviour, then it is highly recommended to enable
this feature because of the extra layer of protection it adds to the propeller.
For a complete description of the arming throttle feature and how to configure it, see [104].

APPENDIX F. TREE CRASH ANALYSIS
While performing a mission, the plane began descending until reaching 20 metres which
ended up with the aeroplane crashing into a tree. In this section, an analysis of the
dataflash logs and telemetry logs is presented to be able to determine what was the cause
of the sudden descending in altitude and consequently, of the crash.
Because of the APM’s limitations, the dataflash logs are not complete, therefore a full-
analysis can not be performed and it may be impossible to determine the exact cause of
the accident.
The mission consisted in a long range flight, at a determined point of the route, the plane
had to make a turn to come back to the field, when performing the turn, it lost nearly 50
metres of altitude. After the turn, the next waypoint was programmed to be flown at 50
metres and after that, climb again to 100 metres, however, the plane did not climb and
kept descending. When manual control was taken it was already too late and the plane
crashed into a tree.
The objective of this investigation is to find out why the aeroplane kept descending when
it was programmed to fly at 100 metres, and by doing so, detailing the procedure to follow
to analyse a data flash log of a mission.
F.1. GPS Errors
The documentation at [105] states that GPS position errors can cause the APM to con-
sider that it’s suddenly at the wrong position and lead to aggressive flying to correct the
perceived error. GPS glitches can be detected as a sudden decrease in visible satellites
or by an increase in the HDOP.
Before looking at these values, in figure F.1 can be seen a plot of the GPS’ status during
flight.
Figure F.1: GPS status plot along the crash flight
The meaning of the above output values are:
• 0: No GPS
• 1: GPS but no fix
• 2: GPS with 2D fix
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• 3: GPS with 3D fix
As can be seen in the figure, the GPS did lose its fix several times, 3 since AUTO was
engaged. The duration of this loses however, was very short and should not result in any
problem whatsoever.
In figure F.2, the number of visible satellites is plotted.
Figure F.2: Number of visible satellites recorded along the crash flight
Figure F.2 shows that the number of visible satellites oscillates between 8 and 4, it can be
observed that some loses that coincide with the loss of GPS fix plotted in figure F.1.
Four satellites is the absolute minimum that is needed to have a 3D fix, if more satellites are
available, more accurate will be the measurement since the error can be reduced through
averaging the computed coordiantes. The documentation states that having less than 9
visible satellites is not optimal, however, using a car GPS, an accuracy of 5 metres has
been achieved with only 5 satellites.
Figure F.3 shows the hdop values, this parameters gives a measure of the quality of the
positioning.
Figure F.3: hdop factor recorded along the crash flight
A value of 1.5 or lower is considered exellent and a value over 2 indicates a bad position
value. [106]
In figure F.3 it can be seen that the HDOP value is always above 2 with some considerable
increases that reach more than 6. The peaks that can be seen correspond to the loss of
GPS fix.
From the GPS analysis it is safe to conclude that GPS position changes could have hap-
pened resulting in undesired manoeuvres and eventually a crash. There have been pre-
vious flights where the plane performed a mission several times without any problem, in
fact, a later flight performed after the plane was repaired was executed successfully. If the
GPS data of these successful flights shows similar results as the ones from the crash, then
GPS glitches could be ruled out of the suspects’ list, or at least it would demonstrate that
it is not the only one that is guilty.
Figure F.4 shows the GPS status of this later successful mission:
Figure F.4: GPS status plot along the successful flight
As can be observed, from the moment AUTO mode was engaged and until the mission
ended and manual control was taken, the GPS had 3D fix all the time. The number of
satellites visible during this successful flight is shown in figure F.5.
Figure F.5: Visible satellites plot along the successful flight
The number of satellites in this case oscillates between 9 and 7. In the crash data however,
this number was always lower than 9 and as low as 4.
Finally, figure F.6 shows the hdop values for the successful flight. The difference in hdop
values between the crash and the successful flight is very remarkable, since for the suc-
cessful flight, the hdop value is laying below 2 (around 1.8) for almost the entire flight with
some increases that reach 2.6.
Figure F.6: hdop factor recorded plot along the successful flight
APPENDIX G. COMPUTER CODES
This annex includes a compilation with the most relevant codes used while carrying out
this project.
G.1. Drag computations
Codes used for the Aerodynamic calculations (3) chapter
G.1.1. CODE α: Fuselage drag coefficient
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%% FUSELAGE DRAG CALCULATION %%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Flow cond i t i ons
rho = 1.225; % SL Densi ty [ kg /mˆ 3 ]
mu = 1.79e−5; % SL Dynamic V i s c o s i t y (Pa s )
L = 1 .12 ; % Fuselage leng th [m]
V = [6 .17 , 10.29 , 1 8 . 0 0 ] ; % Airspeed (m/ s )
%% Fuselage−shape parameters −−> To compute the equ iva len t diamater
a = 0 .20 ; % Load bay leng th (m)
b = 0.091; % Load bay width (m)
D_eq = 1 . 5 5 * ( ( p i *b ˆ 2 /4 + a*b − b ˆ 2 ) ˆ0 .625) / ( p i *b + 2*a − 2*b ) ˆ 0 . 2 5 ; % Equ iva len t diameter (m)
A_tube = 621.3 ; %% T a i l c i l i n d r i c area (cmˆ 2 )
A_big_cylinder = 2* p i * ( D_eq / 2 ) ˆ2 + 2* p i * ( ( D_eq / 2 ) *0 .72) ; %% Load bay c i l i n d r i c area (mˆ 2 )
S_wetf = A_tube /10000 + A_big_cylinder ; %% Air−wetted fuse lage area (mˆ 2 )
S_wing = 0.418; % Wing re ference area (mˆ 2 )
%% Reynolds number
Re = (rho*V*L ) / mu ;
%% Skin f r i c t i o n c o e f f i c i e n t
C_f = 0.455 . / ( log10 (Re ) . ˆ 2 . 5 8 ) ;
%% Fuselage Length−to−Diameter r a t i o
f_LD = 1+60/(L / D_eq ) ˆ3 + 0.0025* (L / D_eq ) ;
%% Mach−number based paremeter (M−−> 0)
f_M = 1;
%% Zero− l i f t fuse lage drag c o e f f i e n t
C_D0f = C_f*f_LD*f_M*S_wetf / S_wing
%% Fuselage Drag Force
D = 0.5*rho . * ( V . ˆ 2 ) *S_wing . * ( C_D0f )
G.1.2. CODE β: Horizontal stabilizer drag coefficient
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% HORIZONTAL STAB. DRAG CALCULATION %%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Flow cond i t i ons
rho = 1.225; % SL Densi ty [ kg /mˆ 3 ]
mu = 1.79e−5; % SL Dynamic V i s c o s i t y (Pa s )
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V = [6 .17 , 10.29 , 1 8 . 0 0 ] ; % Airspeed (m/ s )
%% Hor i zon ta l s t a b i l i z e r geometry−based parameter
Cr = 0 .17 ; % Root Chord (m)
lambda = 0 .12 /Cr ; % Tip chord / roo t chord
MAC = 2/3*Cr*(1+lambda−(lambda / ( 1+lambda ) ) ) ; % Mean Aerodynamic Chord (m)
S_wing = 0.418; % Wing re ference area (mˆ 2 )
thickness = 0.008; % S t a b i l i z e r s th ickness (m)
minChord = 0 .12 ; % Minimum chord t h a t maxizes the t / c r a t i o (m)
b = 0 .24 ; % Hor i zon ta l s t a b i l i z e r span (m)
%% A i r f r o i l parameters
CdMin = 0.008; %% A i r f o i l ' s minimum drag c o e f f i c i e n t
%% Maximum thickness−to−chord r a t i o
t_c_max = thickness / minChord ;
%% Hor i zon ta l s t a b i l i z e r th ickness r a t i o
f_tc_HS = 1+2.7*t_c_max+100*(t_c_max ˆ 4 ) ;
%% Mach−number based paremeter (M−−> 0)
f_M = 1;
%% Air−wetted h o r i z o n t a l s t a b i l i z e r area (mˆ 2 )
S_wet_f = 2* (1+0.5*t_c_max ) *b*MAC ; % Wetted sur face h o r i z o n t a l s t a b i l i z e r .
%% Reynolds number
Re = (rho*V*MAC ) / mu ;
%% Hor i zon ta l s t a b i l i z e r sk in f r i c t i o n c o e f f i c i e n t
C_f = 0 . 4 5 5 . / ( ( log10 (Re ) ) . ˆ 2 . 5 8 ) ;
%% Hor i zon ta l s t a b i l i z e r drag c o e f f i c i e n t
C_d_HS = C_f*f_tc_HS*f_M * ( S_wet_f / S_wing ) * ( CdMin / 0 . 004 ) ˆ 0 . 4 ;
%% Hor i zon ta l s t a b i l i z e r drag fo rce
D = 0.5*rho . * ( V . ˆ 2 ) *S_wing . * ( C_d_HS ) ;
G.1.3. CODE γ: Horizontal stabilizer drag coefficient
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%% VERTICAL STAB. DRAG CALCULATION %%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% Flow cond i t i ons
rho = 1.225; % SL Densi ty [ kg /mˆ 3 ]
mu = 1.79e−5; % SL Dynamic V i s c o s i t y (Pa s )
V = [6 .17 , 10.29 , 1 8 . 0 0 ] ; % Airspeed (m/ s )
%% V e r t i c a l s t a b i l i z e r geometry−based parameter
Cr = 0 .23 ; % Root Chord (m)
lambda = 0 .14 /Cr ; % Tip chord / roo t chord
MAC = 2/3*Cr*(1+lambda−(lambda / ( 1+lambda ) ) ) ; % Mean Aerodynamic Chord (m)
S_wing = 0.418; % Wing re ference area (mˆ 2 )
thickness = 0.008; % S t a b i l i z e r s th ickness (m)
minChord = 0 .14 ; % Minimum chord t h a t maxizes the t / c r a t i o (m)
b = 0 .21 ; % V e r t i c a l s t a b i l i z e r span (m)
%% A i r f r o i l parameters
CdMin = 0.008; %% A i r f o i l ' s minimum drag c o e f f i c i e n t
%% Maximum thickness−to−chord r a t i o
t_c_max = thickness / minChord ;
%% V e r t i c a l s t a b i l i z e r th ickness r a t i o
f_tc_HS = 1+2.7*t_c_max+100*(t_c_max ˆ 4 ) ;
%% Mach−number based paremeter (M−−> 0)
f_M = 1;
%% Air−wetted v e r t i c a l s t a b i l i z e r area (mˆ 2 )
S_wet_f = 2* (1+0.5*t_c_max ) *b*MAC ; % Wetted sur face v e r t i c a l s t a b i l i z e r .
%% Reynolds number
Re = (rho*V*MAC ) / mu ;
%% V e r t i c a l s t a b i l i z e r sk in f r i c t i o n c o e f f i c i e n t
C_f = 0 . 4 5 5 . / ( ( log10 (Re ) ) . ˆ 2 . 5 8 ) ;
%% V e r t i c a l s t a b i l i z e r drag c o e f f i c i e n t
C_d_VS = C_f*f_tc_HS*f_M * ( S_wet_f / S_wing ) * ( CdMin / 0 . 004 ) ˆ0 .4
%% V e r t i c a l s t a b i l i z e r drag fo rce
Do = 0.5*rho . * ( V . ˆ 2 ) *S_wing . * ( C_d_VS )
G.2. Propeller calculations
Codes used to compute the propeller thrust and drag
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% PROPELLER PERFORMANCE CALCULATIONS %
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% A l l re ferences to equat ions t h a t are made w i t h i n t h i s document r e f e r to Mechanics o f f l i g h t by←↩
Warren F . P h i l l i p s .
% Clear a l l data
c l ea r a l l
% Def ine known v a r i a b l e s
dp = 9; % P r o pe l l e r diameter [ i n ]
dp = dp * 0.0254; % P r o p e l l e r diameter [m]
lambda_c = 6; % P r o pe l l e r p i t c h leng th measured from the a e r o f o i l chord l i n e [ i n ] ( assumed←↩
constant )
lambda_c = lambda_c * 0.0254; % P r o p e l l e r p i t c h leng th measured from the a e r o f o i l chrod l i n e [←↩
m]
k = 2; % Number o f blades
cb = 0.020; % A e r o f o i l chord leng th [m] ( Considered constant )
rpm = 10650; % P r o p e l l e r r e v o l u t i o n s [ rpm ]
omega = rpm*2* p i / 6 0 ; % P r o p e l l e r r o t a t i o n a l speed [ rad / s ]
V_inf_knots = 0;
V_inf = V_inf_knots * 0.51444; % P r o p e l l e r forward speed [m/ s ]
rho = 1.225; % SL a i r dens i t y [ kg /mˆ 3 ]
% Solve the induced angle from equat ion 2.3 .25
% The equat ion w i l l need to be solved by var ious values o f r to f i n d out how the induced angle ←↩
depends on i t
alpha_L0 = −0.4/4.01; % Zero− l i f t angle o f a t t ack . From the l i f t c o e f f i c i e n t equat ion i n ←↩
p r o p e l l e r . docx
T = 0; % Thrust . The v a r i a b l e i s i n i t i a l l y zero but w i l l increase i n each i t e r a t i o n
l = 0; % Torque . The v a r i a b l e i s i n i t i a l l y zero but w i l l increase i n each i t e r a t i o n
dr = 0.001; % Increase i n r
r_hub = 0 .01 ;
f o r r=r_hub : dr : dp /2
# c u r r e n t I t e r a t i o n = c u r r e n t I t e r a t i o n + 1;
% Disp lay percentage of opera t ion
# percentage = f l o o r ( c u r r e n t I t e r a t i o n / NumberOfI terat ions * 100) ;
# f p r i n t f ( '%g%%\n ' , percentage ) ;
% Compute the p i t c h leng th
lambda = 2* p i *r * ( lambda_c − 2* p i *r* tan (alpha_L0 ) ) / ( 2 * p i *r+lambda_c* tan (alpha_L0 ) ) ;
% From lambda we can c a l c u l a t e beta from lambda = 2* p i * r * tan ( beta )
beta = atan (lambda / ( 2 * p i *r ) ) ;
beta_t = atan (lambda / ( 2 * p i *dp / 2 ) ) ; % P i t ch angle a t the t i p o f the blade
% Compute the downwash angle e i n f
e_inf = atan (V_inf / ( omega*r ) ) ;
% Begin the so l v i ng process . The parameter r e s u l t w i l l be set to one , then the equat ion w i l l ←↩
be computed i t e r a t i v e l y u n t i l f u n c t i o n approaches to zero by a c e r t a i n e r r o r
result = 1;
% begin the c a l c u l a t i o n s wi th e i = 0 ;
ei = 0;
wh i le (result > 0.0001)
% From beta and e i n f we can now compute the the aerodynamic angle o f a t tack , which w i l l be ←↩
a f u n c t i o n o f e i
alpha_b = beta−e_inf−ei ;
CL = 4.01*alpha_b ; % L i f t c o e f f i c i e n t
CD = 0.687*alpha_b ˆ2 + 0.337*alpha_b + 0.054;
result = k*cb / ( 1 6 *r ) *CL − acos ( exp(−k*(1−2*r / dp ) / ( 2 * s in (beta_t ) ) ) ) * tan (ei ) * s in ( atan (V_inf / (←↩
omega*r ) ) +ei ) ;
ei = ei + 0.001;
end
dT = k*rho*omega ˆ 2 / 2 *r ˆ2*cb*cos (ei ) ˆ 2 / cos (e_inf ) ˆ 2 * ( CL*cos (e_inf + ei ) + CD* s in (e_inf + ei ) ) *←↩
dr ;
T = T + dT ;
dl = k*rho*omega ˆ 2 / 2 *r ˆ3*cb*cos (ei ) ˆ 2 / cos (e_inf ) ˆ 2 * ( CD*cos (e_inf + ei ) + CL* s in (e_inf + ei ) ) *←↩
dr ;
l = l + dl ;
end
Eta_p = (T * V_inf ) / (l * omega ) ;
f p r i n t f ( ' Prop s ize : %gx%g\n ' ,dp /0 .0254 ,lambda_c / 0 .0254) ;
f p r i n t f ( 'RPM: %g rpm\n ' ,rpm ) ;
f p r i n t f ( ' P r o p e l l e r forward speed : %g knots\n ' , V_inf_knots ) ;
f p r i n t f ( ' Thrust : %g N\n ' ,T ) ;
f p r i n t f ( ' Torque : %g N m\n ' ,l ) ;
f p r i n t f ( ' Brake power : %gW\n ' ,l*omega ) ;
f p r i n t f ( ' Propu ls ive e f f i c i e n c y : %g\n ' ,Eta_p ) ;
G.3. Raspberry Pi advanced functions
Codes used to achieve the intended Advanced Functions (6).
G.3.1. CODE α: WebIOPi’s web interface
<!DOCTYPE html PUBLIC ” −//W3C/ / DTD HTML 4.01 T r a n s i t i o n a l / / EN” ” h t t p : / / www.w3 . org /TR/ html4 / loose←↩
. dtd ”>
<html>
<head>
<meta ht tp−equiv= ” Content−Type ” content= ” t e x t / html ; charset=UTF−8”>
< t i t l e>Counter−mosquito angent discharge</ t i t l e>
<s c r i p t type= ” t e x t / j a v a s c r i p t ” s rc= ” / webiopi . j s ”></ s c r i p t>
<s c r i p t type= ” t e x t / j a v a s c r i p t ”>
webiopi ( ) . ready (function ( ) {
var content , button ;
content = $ ( ” #content ” ) ;
button = webiopi ( ) . createButton ( ” d ischargeBut ton ” , ” Discharge NOW! ” , ←↩
dischargeFunction ) ; / / Create discharge−button
content . append (button ) ; / / append button to content div
}) ;
function dischargeFunction ( ) {
webiopi ( ) . callMacro ( ” dischargeProductNow ” ) ; / / Call Python macro to move the servo
}
/ / CSS Visual−aspects definition
</ s c r i p t>
<s t y l e type= ” t e x t / css ”>
button {
display : block ;
margin : 5px 5px 5px 5px ;
width : 160px ;
height : 45px ;
font−size : 24pt ;
font−weight : bold ;
color : white ;
}
#gpio17 . LOW {
background−color : White ;
}
#gpio17 . HIGH {
background−color : Red ;
}
</ s t y l e>
</ head>
<body>
<d iv i d = ” content ” a l i g n = ” center ”></ d i v>
</ body>
</ html>
G.3.2. CODE β: WebIOPi’s servo control
impor t time # Impor t t ime−based f un c t i on s u t i l i t y
impor t webiopi # Impor t webIOPi ' s l i b r a r y
GPIO = webiopi . GPIO #Def ine GPIO f un c t i on s and mapping to the one customized by the l i b r a r y
pressed = False #Boolean to togg le the p in f u n c t i o n
def setup ( ) :
webiopi . debug ( ”Web−based servo c o n t r o l ” ) # S t a r t webserver
GPIO . setFunction (4 , GPIO . PWM ) #Choose the GPIO pin and s t a b l i s h i t s f u n c t i o n
GPIO . pulseAngle ( 4 ,5 ) # S l i g h t l y move the servo to l e t the user know t h a t the system i s armed
time . sleep ( 1 ) #Wait 1 second
def loop ( ) :
i f (pressed == False ) : # I f the html but ton has not been pressed , keep the p in as an Inpu t p in
GPIO . setFunction (4 , GPIO . IN )
time . sleep ( 1 )
e lse : # I f the html but ton has been pressed , change the po r t f u n c t i o n to be a PWM pin
GPIO . setFunction (4 , GPIO . PWM )
dischargeProductNow ( )
def destroy ( ) : #Execute when the server i s c losed
webiopi . debug ( ” Server i s s h u t t i n g down , goodbye ” )
GPIO . pulseAngle ( 4 ,0 )
@webiopi . macro #Macro executed when an user i npu t i s rece ived
def dischargeProductNow ( ) :
webiopi . debug ( ” Discharg ing ! ” ) #Show a message on Raspberry Pi ' s te rm ina l
i f pressed : # I f the html but ton has been pressed , open the BTI con ta ine r f o r two seconds
GPIO . pulseAngle (4 ,90)
time . sleep ( 2 )
GPIO . pulseAngle ( 4 ,0 )
time . sleep ( 1 )
g loba l pressed #Def ine ” pressed ” as a g loba l v a r i a b l e to be access ib le by o ther ←↩
f u nc t i o ns
pressed = False
else :
pressed = True
G.3.3. CODE γ: XBee data gathering and storage
# ! / usr / b in / python3
impor t serial # Impor t s e r i a l−based f un c t i on s
impor t glob , time , gspread , sys , datetime # Impor t the requ i red l i b r a r i e s and f u n c t i o n a l i t i e s
#Google account d e t a i l s
email = ' i c t r o n i c s . upc@gmail . com '
password = ' xxx−xxxxxx−xxx '
spreadsheet = ' Spreadsheet name ' #Name of the spreadsheet a l ready created
#at tempt to log i n to the Google account
t r y :
gc = gspread . login (email , password )
p r i n t ( ' l o g i n success fu l ' )
except :
p r i n t ( ' f a i l ' )
sys . eit ( )
#Open the spreadsheet
worksheet = gc . open (spreadsheet ) . sheet1
def read_temp ( ) : #Read the data from the s e r i a l po r t
ser = serial . Serial ( ' / dev / ttyUSB0 ' ,9600) #Read the data from s e r i a l po r t ttyUSB0 wi th a 9600←↩
bauds
temp = ser . readline ( ) #Read complete l i n e s only ( avoids f i l l i n g the spreadsheet w i th not ←↩
v a l i d data )
l = [ ]
f o r t i n temp . split ( ) :
t r y :
l . append ( f l o a t (t ) )
except ValueError :
pass
r e t u r n l
whi le True : # I n f i n i t e loop to keep t r y i n g to read data u n t i l the user decides to stop
temp = read_temp ( ) #Get the temperature
values = [ datetime . datetime . now ( ) ,temp , ' Sensor1 ' ]
worksheet . append_row (values ) #Wr i te to the spreadsheet
time . sleep ( 1 ) #Wait 1 second to avoid over−using the CPU
G.3.4. CODE δ: KML coordinate plotter
<?xml vers ion= ” 1.0 ” encoding= ”UTF−8” ?>
<kml xmlns= ” h t t p : / /www. opengis . net / kml / 2 . 2 ”> <Placemark>
<name>XBee coverage volume</ name>
<Polygon> <!−−Define the type of geometr ic shape to draw −−>
<t e s s e l l a t e>1</ t e s s e l l a t e> <!−−Disp lay op t ion −−>
<extrude>1</ ext rude> <!−−Create the 3D shape−−>
<al t i tudeMode>relativeToGround</ a l t i tudeMode> <!−−Set the a l t i t u d e mode as r e l a t i v e to the ←↩
ground−−>
<outerBoundaryIs>
<LinearRing>
<coord ina tes> <!−−Coordinates set−−>
1.331622 ,41.288627 ,20.6
1.330834 ,41.288291 ,17.66
1.331539 ,41.28841 ,24.36
1.330755 ,41.289107 ,23.6
1.330783 ,41.288454 ,10.84
1.331443 ,41.288275 ,14.05
1.330433 ,41.288678 ,15.65
1.331096 ,41.28801 ,10.36
1.330251 ,41.2889466 ,30.84
1.330558 ,41.288915 ,18.02
1.331145 ,41.288144 ,2.59
1.332028 ,41.288755 ,57.92
1.331576 ,41.287872 ,96.84
1.331593 ,41.288534 ,17.02
1.330618 ,41.28896 ,14.12
1.330601 ,41.288934 ,13.92
</ coord ina tes>
</ L inearRing>
</ outerBoundaryIs>
</ Polygon>
</ Placemark> </ kml>

APPENDIX H. AERODYNAMIC CENTER
In any wing, there is a particular point in about which the moments are independent of
the angle of attack. This point is defined as the aerodynamic center for the wing. The
moment and its coefficient about the aerodynamic center are denoted by MAC and CM,AC
respectively, where:
CM,ac =
Mac
q∞Sc
(H.1)
The aerodynamic center is a useful concept for the study of the airplane’s stability and
control characteristics. In fact, the force and moment system on a wing can be completely
specified by the lift and drag acting through the aerodynamic center, combined with the
moment about the aerodynamic center. [107]
The calculation of this point depends on several flow conditions, but, according to [108] for
low speed (subsonic) and thin airfoils, the position of the aerodynamic center is considered
constant, and located at the 25% of the chord when the reference point is at the leading
edge.
The relative position between the aerodynamic center and the center of gravity is one of
the most important parameters involved in the longitudinal static stability of an airplane.
A static stability and control study about the three axes is required in order to design a
flyable airplane, but because in this case the airplane was already designed, a complete
description of all three types (lateral, longitudinal and directional) stabilities is beyond the
scope of this project. And to this end, only the longitudinal stability will be studied, for it
is also the most important static stability mode and usually requires more attention than
lateral or directional stability.[107]
Any wing has a center of gravity (marked as c.g. in figure H.1). This point would be the
resulting one in case all the mass of the wing was combined to a single point. Analogously,
the aerodynamic center is the point where the lift would be placed if all the distribution of
lift along the wing was condensed into a single point. [109]
Figure H.1: Longitudinal stability for the three relative positions of the c.g. and the ACt
[109]
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Figure H.1 shows up three situations, a wing that is stable, neutrally stable, and unstable.
For the stable wing the center of gravity is ahead of the center of lift (or aerodynamic
center). Imagine that a gust of air increases the angle of attack. The greater angle of
attack will increase the lift. This increase in lift will cause the wing to rotate about the
center of gravity and reduce the angle of attack. In other words, there is a rotational torque
that rotates the wing back in the direction from where it started. So, this wing is considered
as stable.[10]
For the neutrally stable wing the center of gravity and the center of lift are co-located. So,
if the wing is disturbed by a gust, increasing the angle of attack, the lift will increase but will
not result in any restoring torque around the center of mass. Since there is no rotational
torque, this wing will tend to remain just where the gust puts it. Thus it is neutrally stable.
[10]
At last, the unstable wing has its center of gravity behind the center of lift. Now, if a gust
increases the angle of attack, the lift increases and there is a net rotational torque, which
works to increase the angle of attack even further. Any disturbance will be amplified.[10]
This situation is unstable since the wing can reach its stall angle (See chapter 3) and cause
a possible crash.
Thereby, an important parameter that has to be checked before the plane is sent to the air
is the location of the center of mass, which MUST be located closer to the leading edge
than the aerodynamic center.
APPENDIX I. CHECKLIST
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HARDWARE
FUSELAGE CHECK
WINGS CHECK
4 RUBBER BANDS CHECK
ALUMINIUM TUBE CHECK
RASPI CHECK
RASPI REGULATOR CHECK
RC TRANSMITTER CHECK
RC RECEIVER CHECK
APM2.6 CHECK
GPS MODULE CHECK
APM POWER MODULE CHECK
ESC CHECK
PROPELLER & MOUNTING CHECK
2 TELEMETRY RADIOS CHECK
MOTOR CHECK
JOYSTICK CHECK
3G MODEM CHECK
2 ARDUINO/XBEE CHECK
FRONT COVER CHECK
FIBRE TAPE CHECK
SCISSORS CHECK
HOT GLUE CHECK
HOBBY KNIFE CHECK
BATTERY CHECKER CHECK
BATTERIES CHECK
LATERAL COVER CHECK
LAPTOP CHECK
PRE FLIGHT
FUSELAGE CHECK
WINGS DAMAGE CHECK
CONTROL SURFACES CHECK
HINGES CHECK
SERVOS CHECK
RUBBER BANDS CHECK
MOTOR MOUNTING CHECK
WINGS MOUNT & SECURE 
SERVOS CONNECT & CHECK
APM LEVEL & CHECK
BATTERIES CHECK VOLTAGE, PLACE & SECURE
PROPELLER CHECK & MOUNT 
NORMAL CHECKLIST
SKYWALKER
PROPELLER KEEP HANDS OFF IT
ESC SECURE
RASPBERRY PI
CONNECTIONS CHECK
BATTERY CONNECT
BOOT PROCESS WAIT 1 MIN
CAMERA CHECK
WEB SERVER CHECK
VIDEO STREAMING CHECK
STARTUP
PROPELLER STRONGLY SECURED
PLANE LEVEL/CRUISE POSTION
TRANSMITTER ON
TRANSMITTER MANUAL
TRANSMITTER THROTTLE IDLE
BATTERY CONNECT
APM WAIT FOR STARTUP 15-20 SECONDS
POST STARTUP
GPS LOCKED
TELEMETRY CHECK
CG 8-9 CM FROM LEADING EDGE
CONTROL SURFACES CHECK
THROTTLE CHECK
TRANSMITTER STABILIZATION
PLANE BANK & CHECK
PLANE DIVE & CHECK
TRANSMITTER MANUAL
LATERAL COVER CLOSE & SECURE
FRONT COVER CLOSE & SECURE
TELEMETRY RADIOS SECURE
TAKEOFF (MANUAL)
TRANSMITTER MANUAL
USER PREPARE TO THROW
TRANSMITTER FULL THROTTLE
USER THROW
TAKEOFF (AUTOMATIC)
TRANSMITTER MANUAL
MISSION AUTOTAKEOFF CHECK
USER PREPARE TO THROW
TRANSMITTER AUTO
USER WAIT FOR THROTTLE
USER  THROW

APPENDIX J. MOTOR MOUNT
After choosing the engine, and receiving it, immediately a problem was found, the APC
propeller could not be fitted in the outrunner engine as it was intended to, which was fixing
the propeller to the rotor (which in this case is the outer part of the motor) because the
adapters were missing with the engine. Thus a creative solution had to be created:
The propeller was fixed to the motor axis instead at fixing it to the outer rotor, as can be
seen in figure J.1.
Figure J.1: Picture showing the attachment of the propeller to the motor axis
This configuration permitted fixing the propeller to the motor with a generic propeller
mounting system, but it created another problem, remember that the rotary part of the
motor is the external one, therefore, the side where the cables are located is the one that
has to be fixed to the airplane.
To achieve this goal, there were two possibilities: Literally digging a hole in the airplane’s
motor bay to introduce the rotary part, or building an external structure to support the
motor.
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The option chosen was the second one, mainly basing the decision on keeping the motor
cooler than if was located inside the fuselage where there is no airflow. The support was
designed using SolidWorks, the final design layout is shown in the following page
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Motor Mount
PESO: 
A4
HOJA 1 DE 1ESCALA:1:1
N.º DE DIBUJO
TÍTULO:
REVISIÓNNO CAMBIE LA ESCALA
MATERIAL:
FECHAFIRMANOMBRE
REBARBAR Y 
ROMPER ARISTAS 
VIVAS
ACABADO:SI NO SE INDICA LO CONTRARIO:
LAS COTAS SE EXPRESAN EN MM
ACABADO SUPERFICIAL:
TOLERANCIAS:
   LINEAL:
   ANGULAR:
CALID.
FABR.
APROB.
VERIF.
DIBUJ.
The real model was created using steel bars and a PCB plastic board to fasten the motor
to the fuselage of the airplane, the result can be observed in figure J.2.
Figure J.2: Picture showing the designed and manufactured motor mount
APPENDIX K. BUDGET
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Component Vendor Cost per 
unit [$] 
Units Cost 
APM 2.6 Set 3DRobotics 159.99 1 159.99 
3DR Radio Set (Frequency: 433 MHz) 3DRobotics 100.00 1 100.00 
3DR GPS uBlox LEA-6 with Compass 3DRobotics 79.99 1 79.99 
APM 2.6+ Assembled (Cables enter 
from side) 
3DRobotics 0.00 1 0.00 
APM Power Module with XT60 
Connectors Kit 
3DRobotics 0.00 1 0.00 
Skywalker 1900 FPV Glider EOP 1900 
mm (Kit) 
Hobbyking 90.06 1 90.06 
NTM Prop Drive Series 35-30A 
1400kv / 560 W 
Hobbyking 19.25 2 38.50 
Hobby King 2.4 GHz 6Ch Tx & Rx V2 Hobbyking 25.10 1 25.10 
Propeller Mounting Local Store 5.26 1 5.26 
9 x 4.5 propeller Local Store 5.26 1 5.26 
9 x 6 Propeller Local Store 5.26 1 5.26 
Carbon fibre tube RC Tecnic 12.73 3 38.19 
Hinges Local Store 3.24 2 6.48 
Servo Extension Cables RC Tecnic 1.50 4 6.00 
12 mm x 1 m aluminium tube Leroy Merlin 4.01 3 12.03 
Turnigy AE-80A Brushless ESC Hobbyking 38.81 1 38.81 
Adhesive fibre tape AXTON 10 m x 
50 mm 
Leroy Merlin 4.73 3 14.19 
Adhesive Velcro ® tape Bauhaus 3.02 1 3.02 
Plastic tape power xtrem 20 m x48 
mm 
BauHhaus 14.45 1 14.45 
Turnigy nano-tech 5000 mAh 3S 
65~130C Lipo Pack 
Hobbyking 57.44 1 57.44 
FlightPower EON28 LiPo 3S 11.1 V 
1800 mAh 28C 
Hobbyplay 51.69 1 51.69 
LiPo charger Local Store 92.00 1 92.00 
LiPo safe bag Local Store 13.14 1 13.14 
Battery checker Local Store 40.00 1 40.00 
Raspberry Pi model B+ Amazon.es 47.91 1 47.91 
Raspberry Pi NoIR Camera Amazon.es 34.80 1 34.80 
Raspberry Pi NoIR Camera Case Amazon.es 5.17 1 5.17 
Huawei E173 3G USB Dongle Amazon.es 22.00 1 22.00 
XBee shield Arduino Store 45.33 1 45.33 
Arduino UNO Arduino Store 25.90 1 25.90 
Balsa wood sheet Local Store 3.88 2 7.76 
KA7805A Regulator Farnell (UK) 0.61 2 1.22 
 
Total Cost [$] Total Cost [€] 
1086.95 793.47 
 
